01/16/07 10:32 FAX 908 298 5405 SCHERING-PLOUGH 12)002 



I 

J J. Med. Chem. 1996, 39. 4879-4887 4*79 

Development of Potent Thrombin Receptor Antagonist Peptides 

Michael S. Bematowicz * T Clifford E- Klimas,* Karen S. Haiti.* Marianne Peluso,' Nick J. Allegretto.* and 
Steven M. Setter* 

Bristol-Myers Squibb Pharmaceutical Research Institute. P.O. Box 4000. Princeton. New Jersey 08543 
Received June 24. 199& 

A peptide-based structure-activity study is reporxed leading to the discovery of novel potent 
thrombin receptor antagonists. Systematic substitution of nonproteogenic amino acids for the 
second and third residues of the human thrombin receptor "tethered ligand'" sequence (SFLLRJ 
led to a series of agonists with enhanced potency. The most potent pentapepcide agonist 
identified was Ser-p-fluoroPhe-p-guanidinoPhe-Leu-Arg-NHz, 9 {EC$o ~ 0.04 fiM for stimulation 
of human platelet aggregation. ~10-fold more potent than the natural pentapeptide). 
Systematic substitution of the NHz-terminal Ser in 9 with neutral hydrophobic NH*-acyl groups 
led to partial agonists and eventually antagonists with unprecedented potency (greater than 
1000-fold increase over the previously reported antagonist 3-mercaptopropionyl-Phe-Cha-Cha- 
ArR^Lys-Pro- Asn- Asp-Lys-NHz) - In the series of NH 2 -acyl tetrapeptide antagonists. AAtra/js- 
dLrSiamoyl-/^tluoroPhe-p-guanidinDphe-Leu-Arg-NH 2 . 41 (BMS-197525), was identified as the 
tightest binding (IC50 ~ 8 nM) and most potent with an ICso - 0-20 pM for inhibition of 
SFLLRNP-NHz-stimulated platelet aggregation. Systematic single substitutions in 41 indicated 
that, in addition to the NH 2 -terminal acyl group, the side chains at the second and third 
positions were also responsible for important and specific receptor interactions. Thep-fluoroPhe 
and p-guanidinoPhe residues in the second and third positions of 41 were observed to be optimal 
in both the agonist and antagonist series. In the case of antagonists, however, an appropriately 
positioned positively charged group (i.e., protonated base) at the third residue was required. 
In contrast, such a substitution was not required for potent agonist activity. An even more 
potent antagonist resulted when 41 was extended at the C-terminus by a single Arg residue 
giving rise to analog 90 (BMS-200261) which had an ICsp ~ 20 nM for inhibition of SFLLRNP- 
NH 2 -stimulated platelet aggregation. When the C-terminal Arg of 90 was replaced by an Orn- 
(W-propionyl) residue, the resulting antagonist 91 (BMS-200661) was suitable for use in 
radioligand binding assays (IQ = 10-30 nM)- Antagonist activity observed for selected 
compounds was verified through secondary assays in that these analogs prevented SFLLRNP- 
NHz-stimulated GTPase activity in platelet membranes and Ca 2 + mobilization in cultured 
human smooth muscle cells and mouse fibroblasts. Furthermore, this inhibition occurred at 
concentrations that had no effect on thrombin catalytic activity indicating a specific activity 
attributable to receptor binding and not enzyme inhibition. 



Introduction 

Thrombin has been shown to have a variety of cellular 
actions that arc mediated by proteolytic activation of a 
specific cell surface receptor known as the thrombin 
receptor (or "tethered Hgand* receptor). The thrombin 
receptor is characterized by seven membrane-spanning 
domains 1 and is a member of the superfamily of G- 
protein-coupled receptors. 2 Activation of the receptor 
occurs by thrombin cleavage of an extracellular N- 
terminal domain thereby exposing a new NHrterminus 
which acts as a "tethered ligand" that intramolecularly 
binds to an appropriate site contained in the receptor 
structure 1 3 By virtue of this structural rearrangement, 
the receptor becomes activated giving rise to various 
observable G-protein-coupled signal transduction path- 
ways, 4 

The proteolytically activated thrombin receptor has 
been cloned 1 5-7 and shown to be present on numerous 
different cell types including human platelets,' endot- 
helial cells, 68 fibroblasts. 5 vascular smooth muscle. 7 9 
and cardiac myocytes. i0, 11 A variety of responses are 
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observable when Such cells are treated with thrombin, 
and many of these actions can be mimicked by synthetic 
peptides corresponding to the N-terminal tethered 
ligand sequence. The identification of the thrombin 
receptor in relevant cell types, together with the real- 
ization chat many of the pathophysiological actions of 
thrombin on these cells appear to be at least in part 
mediated by the thrombin receptor, suggests a role for 
this receptor In the pathological processes of thrombosis, 
inflammation, atherosclerosis, and flbroproliferative 
disorders. 15-11 

The development of thrombin receptor antagonists 
that may have value as therapeutic agents by specific 
inhibition of the cellular actions of thrombin (as opposed 
to its actions on clotting proteins) has been recog- 
nized. 412 but such an agent has not thus far been 
realized. Although limited peptide-based antagonists 
have been developed by analogy to the NH2-tenTunal 
tethered ligand peptide of the thrombin receptor, 12-14 
these compounds suffer serious limitations, specifically, 
lack of potency, partial agonist activity, and/or specif- 
icity. 43 

An important objective of the work described in this 
report was to develop sufficiently potent, specific, and 
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F(X) 

X = F,f!uoro = f 
X=l. todo = l 
X = Cl. chloro = CI 
X = OCH 3 , methoxy 
X = N02. nitro 
X = NH2, amino 

X = NH-CNH-NHz, puanidino = Gn 



A(N-1) 
A(N-2) 

= 3-Naphthylalanhe 
(1 and 2 isomers) 



PA 

= (3Ala 



VV "nf 



Thz 

= lhiazolidIna*4- 
carboxytrc acid 



= homoPne . = 12.3.4-tetrahydro- 

isoquinollne^carboxylic 
acid 

Om (n = 3,R = NH 2 ) 
= ornithine 

TMR [n m 3, H = 'N=CN(CH 3 ) 2 -N(CH3)2l 

= tetramethyiArg 

Gbu (n = 2, B = -NH-CNH-NHJ 

= 4-guanidinoZ(S)amlnobu[yric add 

hR (n m 4, R = -NH-CNH-NH2) 

= homoArg 

TMhR [n - 4. R = -N=CN(CH 3 ) 2 -N(CH3)2J 
= letramethylhomoArg 
TMGbu [n = 2, -N=CN(CH 3 ) 2 -N(CH3) 2 1 
= 4-tetnimelhylguanidino-2(S)-amlno- 
butyrlcacki 

Clt (n»3. R=,-NHCOISIH z ) 
= cftrulline 




o 

PyrA 

« 3-(3-pyridyl)Ala 




Cha 

= 3-cycIohexyIAIa 



o 
Tha 

= 3-(2-thienyl)A!a 



Figure 1. Structures and abbreviations used for nonproteogenJc amino acid residues examined in the course of this study. 



stable thrombin receptor antagonists that could be used 
for evaluation of their therapeutic potential. 

In the abscence of precise structural information for 
the receptor, an "analog approach' was taken to an- 
tagonist development which involved cycles of system- 
atic synthesis and testing. Previous studies of various 
thrombin receptor ligand peptides, 3 - 1213 - 15 " 22 including 
a reported peptide-based structure-activity relationship 
(SAR) In which almost all of the natural amino acids 
were substituted, one at a time, for each residue of the 
natural biologically active "tethered ligand p sequence 
(SFLLR-NH2. 2). provided a basic understanding of the 
peptide ligand side chain structural requirements and 
their relative tolerances with regard to their interactions 
with the human thrombin receptor, 21 Although very few 
of these single amino add substitutions produced a 
significant increase in agonist potency, an important 
finding was that substitution of the nonproteogenic 3-(2- 
naphthyl) alanine residue for leucine at position 3 of the 
natural sequence produced by far the most potent 
agonist (~-4-foid > 2) for human platelet aggregation 
found in that study. 2 1 A separate independent study 
indicated that substitution of p-fluorophenylalanine for 
phenylalanine at position 2 in SFLLRNP-NH Z resulted 
in a 4-5-fold increase in activity as demonstrated by 
an assay measuring phosphoinositide turnover in hu- 
man epithelial-like SH-EP cells. 20 The analog approach 
taken here was largely based upon additional substitu- 
tion (s) with untested nonproteogenic amino acids. 



This structure- activity excercise was expected to 
provide important information pertaining to (1) the 
elucidation of receptor binding mechanism (s), (2) the 
design and development of structural probes (e.g., 
photoafrinity labels). (3) the identification of peptides 
suitable for use to begin "computationally directed" 
screening of compound libraries for novel ligand types, 
(4) the development of novel antagonist-based binding 
assays (e.g.. using an antagonist radioligand) for screen- 
ing purposes , and (5) a basis for the design and develop- 
ment of novel nonpeptide antagonists. These objectives 
have at least been partially realized as a result of this 
study. 

Results and Discussion 

Agonist Optimization. Early on. the strategy em- 
ployed here was to optimize agonist activity and then 
convert these to antagonists, If possible, by appropriate 
NHz-tcrminal structural modification. Previous studies 
suggested that the use of nonproteogenic amino adds 
merited further exploration. Specifically, replacements 
With optimized unnatural residues, either singly or 
multiply in appropriate combination, might lead to 
further enhancements in binding and potency for known 
agonists. Furthermore analogs with nonproteogenic 
amino acid residues could have enhanced stability to 
proteases, an advantage if the peptides are to be studied 
in a biological setting. Figure 1 provides structures and 
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Pot em Thrombin Receptor Antagonist Peptides 

Table 1. Effect or Substitutions in the ?..Po5ltion of 
SPLLR-NHj 



peptide 



1. SFCOlXR-NHz 

2. SFIXR-NI \ 2 (human sequence) 

3. SF(OCH 3 )U-R-NH 2 

4. SFflLUK-NHz 

5. SF(NH2)LLR-NH 2 

6. S-T<c-LLR-NH Z 

7. SF(Gn)LLR-NHq 

8. S-hF-UJR-NHa 



mean EC$o (gM) (A3 a 

0.13 ±0.05 (3) 
0.40 ±0.14 (3) 
0.72 ±0.15 (3) 
9.27 ± 5.97 (3) 
lB.0O±0.00 (3) 
110 ±78.1 (3) 
>300 (3) 
>300 (3) 



a Determined by platelet aggregation assay: EC so ■= concentra- 
tion required to stimulate 50% of maximum platelet aggregation. 
N = number of determinations. For amino acid abbreviations, see 
Figure I- 

Table Z. Effect of Substitutions at the 3-PosUton of Peptide 1 



peptide 



mean ECso CmM) (M* 



9. SF(f)F(Gn) LR-NHz 

10. SF(J)F(f)LR-NH 2 

11. SF(l)A(N-2)LR-NHa 

12. SF(f)A(N-l)LR-NH2 

13. SFfl>Tic-LR-NH2 



0.04 ±0.02 (3) 
0.10 ±0-03 (3) 
O.OB ± 0.04 (3} 
0.16 ±0.00 (3) 
0.47 ±0.19 (6) 



-See Table 1. 

abbreviations for the various nonproteogenic residues 
examined in the course of this study. 

Table 1 summarizes the results of platelet aggrega- 
tion assays on a series of peptide agonists in which the 
Phe residue at position 2 of the human sequence was 
replaced by various aromatic side chain-containing 
analogs. These data show that the binding pocket for 
the second side chain is exquisitely sensitive to size, 
conformational constraint, and electronic distribution. 
Of all the substitutions made in this series, only the 
p41uoroPhe residue provided an enhancement in po- 
tency over the wild type human sequence Z. The 
magnitude of the observed enhancement is in good 
agreement with previous reports for similar pep- 
tides.* 0 - 22 It is clear from this and previously reported 
data 21 that the Phe binding site is very specific and that 
the p-fluoroPhe residue may represent a very nearly 
optimum substitution at position 2. 

Table 2 summarizes the results of platelet aggrega- 
tion assays on a series analogs with dual substitutions: 
the "optimized" p-fluoroPhe In position 2 and various 
residues at position 3. Substitution with both the 
p-fluoroPhe and 2-naphthylAla residues in peptide 11 
produced an agonist with slightly enhanced potency 
(ECso of 0.08 ± 0.04 pM) over that observed for either 
substitution alone (for reference, SFA(N-2)LR-NH 2 had 
an ECso of 0.13 ± 0.07 /dvfl. 21 

The 7>guanidinoPhe replacement in the third position 
of peptide 9 was designed based on previous observa- 
tions that a Phe substitution produced a peptide slightly 
greater in potency (~ 1.4-fold) than 2 and that an Arg 
Substitution produced a somewhat greater (M .7-fold) 
enhancement. 21 The p-guanidinoPhe residue Was thus 
conceived as a hybrid combining potentially important 
structural aspects of the activity-enhancing residues: 
Phe, Arg, and 2-naphthylAla; this substitution in 9 
produced the most potent peptide of this series with full 
agonist activity. As a result pepcide 9 was utilized as 
a reasonable basis structure for further structural 
elaboration aimed at a crossover to antagonist activity, 
an approach that proved to be successful 

The results obtained for peptide 9 also suggested 
further investigation of minimum structural require- 



Journal of Medicine! Chemistry, 1996. Vol 39. No. 25 4881 
Table 3. Effect of Preliminary N-Terminal Substitutions 



peptide 



mean ECso (mM) [Nl M 



15, Ac-0AF(f)A(N-2)LR-NH 2 

16, Ae-0AFLLR-NH 2 
17.0AFLLR-NH, 

18, Thz-FLLR-NHz 

19. Ac-Thz-FIXR-NHz 



0.27 ±0.03 (3) 
1.80 ±0.87 (3) 
11.7 ±4.51 (3) 
46.0 ±14.0 (3) 
>300 (3) 



" See Table 1. 

ments for activity. The des-Arg letrapeptide analog of 
9 (SF(f)F(Gn)L-NH 2 . 14. BMS-194021) was synthesized 
and found to be an agonist with an EC50 of 0.28 ± 0-08 
pM (AT = 7). This is the most potent tetrapeptide 
agonist thus far published and more potent than the 
natural pentapeptide 2. In contrast, the natural tet- 
rapeptide SFLL-NHj was >400 times less potent than 
pentapeptide SFLLR-NH2. 1 * This shows that peptides 
with appropriate side chains as small as four residues 
can possess full activity and that five residues are not 
required as was previously thought. 

It is also noteworthy that the conformational con- 
straint imposed by a Tic residue in the third position of 
the peptide chain in analog 13 was relatively well 
tolerated, providing an analog nearly equal in potency 
to Che natural sequence 2 but nonetheless substantially 
less potent than the other analogs of the series (Table 

Partial Agonist/Antagonist Discovery. Antago- 
nists with modest potency had been reported which were 
based on the agonist structure where the Ser was 
replaced by a 3-mercaptopropionyl (Mpa) group 12 * 13 
which suggested that antagonists might be achieved by 
substitution of Ser with neutral hydrophobic AAacyl 
groups. Initially derivatives of 0Ala and (i^-thiazoli- 
dine-4-carboxylic acid (Thz) were synthesized as near 
isosteric and conf ormationalry constrained replacements 
for the Mpa group, respectively. The results are pre- 
sented in Table 3. Very interestingly AAacetyl-0Ala 
peptides 15 and 16. although less potent than their Ser- 
containing counterparts, were found to be reasonably 
potent agonists. This result was somewhat surprising 
because, prior to this discovery, only peptides capable 
of providing a positively charged NH2-terminus (i.e., a 
protonated amino group) were found to have appreciable 
agonist activity. Curiously, free amine peptide 17 was 
actually found to be less active in stimulation of platelet 
aggregation than its A^acetyl counterpart 16 (Table 3). 
This prompted additional biological evaluation including 
examination by GTPase assay. 2123 Some peptides were 
capable of stimulating only a fraction of the total 
GTPase activity attainable by saturating levels of 
agonist peptide SFLLRNP-NH2. For example, peptides 
IS, 16, and 18 Were identified as partial agonists 
possessing 21%, 50-70%. and 33% intrinsic potency, 
respectively. This prompted further evaluation of Non- 
terminal substitutions in 9. In the process, additional 
partial agonists and novel pure antagonists were identi- 
fied. The antagonists were characterized by their ability 
to inhibit [*H] SFFLRR-NHz binding to platelet mem- 
branes, 24 inability to stimulate platelet aggregation at 
concentrations >30u>M and dose dependent inhibition 
of peptide agonist (or thrombin)-mduced platelet ag- 
gregation, as well as their inability to stimulate the 
GTPase even at very high concentration. Tables 4 and 
5 summarize these results. 
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Table 4. Effect of N-Terminal Variations in Early Generation 
Antagonist Peptides: X-F(f)F{Gn)LR-NHz 



peptide 



20 (2-thlophenc)utttyl 

2) AAacetyl-Z-anrinobenzoyl 

22 2-axo(2-thiophene)aeetyl 

23 (3-thJophenc) acetyl 

24 phenylacetyl 

25 (2-ihiophene)su]forty) 

26 (3-fl uorophenyl) ac ctyi 

27 (4-nuorophenyi)acetyl 

28 3-pyridyl acetyl 

29 (2-fluorophenyl)accty] 

30 (3-indole)aceuyl 

31 cyclopeniylacetyl ' 

32 2-g*j(3-indol£)accty1 

33 3-indolayl 

34 (3 -cltloro phenyl) acetyl 



0.25 (2) 
1.00 ± 0.3 1 (3) 
0.2Z ± 0.08 (3) 
Q.31±0.tB (3) 
O.GB±0.42(3) 
B.95 (2) 

0,1 G± O.0S (3) 
0,35 ±0.16(3) 
0.95 ± 0.34 (3) 
0.56 ±0.14 (3) 
0.50 ±0.10 (3) 
0,37 ±0.17 (3) 
0.13 ± o.oa (3) 
0 019 ±0.011 (3) 
0.11 (2) 



32 ± 23 (4) 
ND 

47 ± 32 (4) 
74 ±38 (4) 
94 ± 37 (3) 
193 ±23 (3) 
40 ± 19(4) 
68 ± 17 (3) 
>!60(4) 
35 ± ll (4) 
54 A 6 (4) 
85 ±26 (4) 
9.9 * 6.5 (3) 
2,0 ±0.7 (3) 
2.9*1.1 (3) 



* ICso = concentration required to inhibit 50% or triuaten 
agonist (SFFLRR-NH2. at 25 nM) binding. * ICso = concentration 
required for 50% inlribitlon of agonist (SFLLRNP-NH|, at 3 /xM)- 
induced platelet aggregation. 

Tabic 5. Effect or N-Terminal Structure (X) on Peptides 
(X-F(f)F(Cn)LR-NH2) Identified as Partial Agonises 



peptide 


X 


ICso W W 


EC50 (tfM) A iM 


35 


W-acetyl-4- 


0,27 ±0.16 (3) 


8.7 (3) 




atninobutyryl 


0.025 ±0.014 (3) 


0.10 ±0.07 (4) 


36 


2-thiaphcneoyl 


37 


3*thiopneneoyl 


0.024 ± 0.008 (3) 


PA* 


38 


3-luranoyl 


0.029 ± 0.004 (3) 


PA' 


39 


Z-indoioyl 


0.024 ± 0.003 (3) 


1.8(2) 


40 


4-chlorobenzoyL 


0.026 (2) 


3.7 (Z) 



- ICso = concentration required to inhibit 5096 of tritiated 
agonist (SFFLRR-NH2, at 25 nM) binding. h EC50 = concentration 
required for stimulation of 50% maximum platelet aggregation. 
' PA = partial agonists for which maximum platelet aggregation 
was not experimentally achieved. 

In the course of generating and evaluating the data 
Cfables 4 and 5), simple generalizations became pos- 
sible. Whenever a relatively small aryl ring system was 
directly attached to the carbonyl group of the NHr 
terminal amide, partial agonists resulted. Inclusion of 
a spacer group such as a methylene or additional 
carbonyl group between the aryl ring and the amide 
carbonyl resulted in antagonists. From this data it was 
hypothesized that antagonists that provided a structure 
capable of extending greater distances from the NH2- 
terminal amide, possibly with some conformational 
constraint, could result in enhanced binding by virtue 
of additional favorable interactions with the receptor 
that are unavailable to shorter NH2-termini. To test 
this possibility an NHrtenninal fra/19-cinnarnoyJ group, 
containing a conformatiDnally restrictive and chain- 
extending olefinic linker between an aryl ring and the 
N-terminal amide group, was Incorporated into an 
analog in this series (peptide 41). Upon its biological 
evaluation, peptide 41 (Table 6) was found to be the 
tightest binding and most potent NHz-acyl tetrapepride 
antagonist thus far discovered. The antagonist activity 
of compound 41 was confirmed through additional 
activity assays (for more details, see Antagonist Valida- 
tion section). Table 6 summarizes data obtained for 41 
and related NHz-acyl tetrapeptide analogs, many of 
which were also found to be reasonably potent antago- 
nists- 
Antagonist Development. Despite the relatively 
large number of NHracyl group replacements for the 
cra/JS-cinnamoyl moiety in 41 (Tables 4—6). only con- 
servative modifications of the NH2-terminal cinnamoyl 
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group of 41 were well tolerated. NHrTerminal struc- 
tures giving rise to antagonists with binding assay ICso 
values <50 nM are given in Figure 2. These results 
indicate a high degree of structural specificity for the 
receptor binding site interacting with the NHz-termini 
of these analogs and an important functional role for 
this interaction dictating the type of activity observed 
for a particular analog (agonist vs partial agonist vs 
antagonist). The data also suggest that the phenyl ring 
in the cinnamoyl group in 41 binds with a preferred 
conformation (twisted out of the plane of the adjacent 
olefin), as more rigid but reasonably conservative ana- 
logs 53 and 54 demonstrate dramatic reductions in 
binding and potency. 

Another specific receptor interaction important for 
both binding and antagonist function was recognized by 
substituting the j?-guanidinoPhe residue of 41 with 
various aromatic, neutral, or basic residues (Tables 
7-9). Here again, the lead analog 41 remained the 
tightest binding and most potent antagonist. These 
data indicate a requirement for a positively charged 
group (protonated amine or guanldine) in order to obtain 
tight binding antagonist activity. Replacement of the 
guanidino group of 41 with hydrogen (analog 69) 
produced a very significant reduction in binding and, 
remarkably, a crossover to some agonist activity. Ap- 
propriate positioning oF the charge with respect to the 
rest of peptide as well as the size of the charged group 
are also important factors influencing binding and 
function. For example. Lys. homoArg, and JV,iV'-tet- 
ramethylhomoArg relacements (analogs 79-81) gave 
rise to partial agonist activity, while replacement with 
Arg (76) was better tolerated resulting in an antagonist 
with slightly reduced affinity and potency. These data, 
taken together with the SAR obtained for NHz-terrninal 
variants, suggest that the arylguanidine of 41 plays an 
important role in orienting or positioning the the NH 2 - 
terminal cinnamoyl group for an optimum antagonist 
generating interaction with the receptor. 

Effect of Peptide Length/Antagonist Radioli- 
gand Development. The effects of C-terminal dele- 
tions and additions or replacements in anlogs of lead 
peptide 41 were also examined (Tables 10 and 1 1). Very 
interestingly, binding at the sub-micromolar level was 
retained in a molecule as small as the Nrfc-acyl dipep- 
tide analog 83, and the potency of this dipeptide was 
comparable to that of a number of NHz-acyl tetrapeptide 
antagonists (Table 4) having less optimal NHz-termini. 
Such results suggest that it may be possible to prepare 
relatively small molecule peptidomimetic thrombin 
receptor antagonists with useful potency. When the 
COzH-terminal Arg was deleted from 41 to give analog 
84, significant reduction in both binding and potency 
are observed but reasonable antagonist activity is 
retained. The contribution of the COzH-terminal Arg 
of 41 to binding and potency is nonetheless substantial. 

SAR reported for peptide agonists 3 l5 ~ t8K suggested 
that the binding and potency of 41 may be enhanced 
by the inclusion of an additional COzH-terminal residue: 
furthermore, iran Orn residue could be tolerated at this 
position, acylation of its side chain amine with a 
radiolabeled acylating agent might . provide a useful 
radioligand for development of antagonist-based binding 
assays. The results obtained for anlogs with COzH- 
terminal replacements or extensions are given in Tables 
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Potent Thrombin Receptor Antagonist Peptides 

Tab l c 6 . Effect of N-Termlnal Structure (X) on AEAcyl Tctrapepitfe Scries; X-F(f)F(Gn)LR-NH2 
— — ' x iCso frM)" (N> 
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peptide 



41 
42 
43 
44 
45 
46 
47 
49 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 



crans-cinnam oyl 

3- phenyl-2- propynoyl 
p-iluOfO« irans-annamoyl 
p.chloro-^mrt5-clnnamfjyl 
p-methyl-ffsns-dnnanioyl 
p-mcthoxy- tra/i^cinnanioyl 

4- biphenyloyl 
/?>chlon> V -ans-rinnamoyl 
3 -pheny Lprop ionyl 
phenoxyacetyl 
j.naphthylacecyl 
3-(<i-Lruophene)- rrarfs-acryloyl 
(±)- rrans-3-phcrtylcyclDpropanqyl 

3- coumarinoyl 

4- phenylbutyryl 
p-ajnirio* rrans-dnnainoyl 
2-naphthylacetyl 
/^hydroxy- rrans-cinnamoyl 
(rhl Qphenoxy) acetyl 
tranS-2- franjf-4-nexadiency] 
cra/is-2-octcnoyl 

a-flu oroc i nnamoy 1 

(L-methyldnnamoyL 

a-phenylcinnamoyl 



0.0078 ± 0.0033 (3) 
0.023 ± 0.O14 (3) 
0.020 ±0.003 (3) 
0.099 ± 0.006 (3) 
0.034 ± 0.008 (3) 
0.040 ± 0.023(3) 
0.046 ±0.014 (3) 
0.041 ±0.020 (3) 
0.042 ± 0.007 (3) 
0.021 ±0.003 (3) 
1.63 ±0.67 (3) 
0.023 ±0.003 (3) 

2.32 ± 0.93 (3) 

4.33 ±0.15 (3) 
1.26 ± 1.00 (3) 
0.061 ±0.013 (3) 
0.295 ±0.057 (3) 
0.062 ± 0.015 (3) 
0.019 ±0.007 0) 
0.024 ± 0.009 (3) 
0.035 ±0.013 (3) 
0.023 ± 0.003 (3) 
0.043 ± 0.001 (3) 
1.53 ±0-15(3) 



0.20 ± 0.07 (4) 
0.28 ± 0.20 (6) 
0.09 ±0.04 (3) 
0.24 ±0.06 (6) 
0.95 ± 0.83 (5) 
0.39 ± 0.13 (3) 
0.43 ± 0.25 (5) c 
0.08 ±0.04 (4)" 
1,19 ±0.56 (5) 
0.26 ± O.OB (4) 
3.87 ±1.34 (3) 
O.S3±0.44 (4) 
3.00 ±1.31 (3) 
21,7±14.S (3) 
3.93 ±1.66 (3) 
1.63 ±0.23 (3) 
4.67 ±1.92 (3) e 
2.73 ±0.58 (3) 
0.69 ±0.16 (3) 
PA' 

7.60 ±9.02 (3) 
0.53 ±0.27 C3) 
B.33±6.81 (3) 
66.7 ± 11.6(3) 



J ICso = concentration required to inhibit 50% of tritiated agonist (SFFLRR-NHj, at 25 nM) binding. * 
for 50% inhibition of agonist (SFLLRNP-NHa. at 3 /iM)-induccd platelet aggregation. These peptides 
pharmacology with agonist (platelet aggregation) activity ECso* of '18/iM {N= 2), J 120^M {N= 2). and 
agonist for Which maximum platelet aggregation was not experimentally achieved. 



IC$o = concentration required 
displayed Well-resolved mixed 
♦90 {N= 1). 'PA = partial 



(41) R = H 
R = F, CH 3 , CH 3 D. 




Table 8. Effects or Hydrophophilic Neutral or Weakly Basic 
Aromatic Replacements (X) far the />Guan»dinqPhe Residue in 





err 1 * 



peptide 


X 


ICso W {Nj 


ECso &*M)* M 


71 


dtrallinc 


1.04 ±0.06 (4) 


67 (2) 


72 


His 


0.47 ±0.11 (3) 


35 ± 22 (4) f 


73 


0-(3-pyridyl)Ala 


0.34 ±0.02 (3) 


116±lOD(4) r 


74 


p-aminoPhe 


0.37 ±0.03 (3) 


60 



R = F, CH3 



MC$o — concentration required to Inhibit 50% of triciated 
agonist (SFFLRR-NHj. at 25 nM) binding. b EC50 ■ concentration 
required for stimulation of 50% maximum platelet aggregation. 
r Concentration required for 5096 inhibition (i.e., IC») of agonist 
(SFU-RNP-NHz. at 3 /dvQ-induced platelet aggregation. 

Table 9. Effects of Aliphatic Basic (i.e.. Positively Charged) 
Residue Replacements 00 for the p-GuamdinoPhe Residue in 
Analogs of 41: Cran5-Cinnamoyl-F(0-X>LR-NH 3 



Figure 2. Best tolerated (IC 50 < 50 nM. binding) N-termjnal 
structures In antagonist analogs of 41. 

Table 7. Effects of Hydrophobic Aromatic Replacements (X) 
for the />GuanidinoPhe Residue in Analogs of 41: 
crg/ig-Cirmamoyl-FlQ-X-LR-NHz 



peptide 



ICso (fdVl)* (/v) ICso faM)* (JV) 



peptide 


X 


75 


Orn 


76 


Arg 


77 


TMR 


78 


Gbu 


79 


Lys 


80 


hR 


Bl 


TMhR 


82 


TMGbu 



ICso foM) a |A» 



IC SQ frM)»(JV) 



0.1 7 ±0.08 (3) 
0.028 ±0.016 (3) 
0.32 ±0.13 (3) 
0.028 ±0.007 (3) 
0.039 ± 0.002 (3) 
0.012 ± 0.002 (3) 
0.13 ±0.03 (3) 



8.70 ± 3.63 (4) 

1.13 ±0.67 (3) 
16(2) 

8.0 (1) 
IB (1)* 

0.5 (1)' 
90 (I) c 
140 (1) 



65 
86 
67 



70 



homoPhe 

p-rntroPhe 

p-chloroPhc 

p-methoxyPhe 

Phe 

/5-(2-naphthyl)Ala 



0.63 ± 0.026 (3) 
7.55 ± 10.4 (4) 

4.71 ± i.o m 

1.18 ±0.13 (3) 
1.12 ±0,33 (4) 
a24B± 0.018 (3) 



>300(2) 
>300(2) 
>300 (2) 
>300 (2) 
17(2)' 
5 (IK 



J ICso * concentration required to inhibit 50% or tn'tiated 
agonist (SFFLRR-NHz, at 25 nM) binding. h ICso - concentration 
required for 50% inhibition of agonist (SFLLRNP-NHz, at 3 jiM)- 
tnduced platelet aggregation. f These peptides displayed agonist 
activity with the specified EC30 values. 

11 and 12. Addition of a basic residue (Om or Arg in 
analogs 88 and 90. respectively) resulted in analogs with 
marginally improved binding but 3 more significant 
positive impact on antagonist potency (about a 5-10- 
fold enhancement over 41) was observed. When the Orn 



'ICso = concentration required to inhibit 50% of tritiated 
agonlsL (SFFLRR-NH2. al 25 nM] binding. MCso = concentration 
required for 50% Inhibition of agonist (SFLLRNP-NHz. at 3 /aM)- 
induced platelet aggregation. 'These peptides displayed agonist 
(or partial agonist) activity with the specified ECso values. 

residue of 88 was acetylated (89) or propionylated (91), 
a slight reduction in binding (<3-fold) was observed, but 
these analogs were still more potent at inhibiting 
platelet aggregation than 41. Given these results, 
peptide 91 was targeted for radioligand synthesis- After 
propionylation of 88 in solution with Nsuccinimidyl- 
[2 T 3- a H| propionate (Amersham), HPLC-purified tritiated 
91 was obtained with a specific activity of B0 Ci/mmol 
and a radiochemical purity of >98% (P. Egli, unpub- 
lished results). Using this tritiated 91, an antagonist- 
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Table 10. Effects of C-Terminal Truncation in Analogs of 41: 
trans-Cinnamoyl-F(f)-F{Gn)-X 



peptide 



lCso (kM)« (Aft ICspfrM)»(A> 



83 
84 
85 



NHz 

Leu-NH a 
Orn-NH 2 



0.78 ±0.20 (3) 
0.11 i 0.09 (3) 
0.87 ± 0-13 (3) 



64(2) 

4.05 ± 2.66 (4) 
141 (2) 



See Table 9- 

Table 11. Effects or C-Termirral Replace rnaiits 
to Analogs of 41: crait>Cinnamoyl-F(0-F(Gn)L- 



peptide 



and Additions 
X 



86 
87 



90 
91 



Orn-NHz 

Orn(acetyl)-NHz 

Arg-Om-NHz 

ArR-Om(acEtyO-NH z 

Arg-Arg-NHa 

Arg- Om (pro) ^NH 2 



0.017*0.003 (3) 
0.0<M ±0.002 (3) 
0.006S £ 0.002 (3) 
0.0166 ±0.006 (3) 
0.0075 ±0.001 (3) 
0.0219 ± 0.004 (3) 



0.19 ±0.09 (3) 
0,25 ± 0.22 (3) 
0.047 ±0.018 (4) 
0.040 ± 0.020 (4) 
0.021 ± 0.004 (3) 
0.085 ± 0.025 (4) 



* 6 Scc Table 9. r pro = propionyl. 

based binding assay was developed (S. M. Seiler, 
unpublished results) showing competitive binding with 
various agonists and antagonists, as well as distinctly 
different kinetics of binding compared to the normal 
agonist radioligand. Those studies will be detailed 
separately. 

Results of replacing the NH 2 -terminal traiis-tin- 
namoyl group in the most potent analog 90 with some 
of the best tolerated replacements identified previously 
in the NH2-acyl tetrapeptide series (Table 6, Figure 2) 
are given in Table 12. In this case, the NH 2- terminal 
3-phenyl-2-propynoyl group was found to provide the 
tightest binding (ICso ~ 4 nM) antagonist 94 (BM5- 
201516) thus far discovered, but it was comparable in 
platelet aggregation inhibition potency to its trans- 
cinnamoyl counterpart 90. Thus, in addition to a 
positively charged residue (e.g.. p-guanidinoPhe) at 
position 3 possibly having some role in positioning the 
critical NH^terminus at the receptor binding site, such 
NH 2 -terminal positioning may also be influenced by 
interactions sequentially more remote (i.e.. at the more 
COzH-terminaJ side chains of positions 5 and 6). Over- 
all the results reported here for CO^H-terminally ex- 
tended antagonists are consistent with and parallel 
those observed for peptide agonists for which optimal 
potency was observed at the length of hexapeptides. 22 

Effect of 2-Position Substitutions in Antago- 
nists. Because the p-fluorophenyl side chain repre- 
sented an optimal substitution at the 2-position in the 
peptide agonists, this specific and important interaction 
was further probed in the tight binding NH2-acyl 
tetrapeptide antagonist series by various systematic 
substitutions. The results are presented in Table 13. 
As observed for agonist peptides, the /7-fluorophenyl side 
chain provides an optimal and apparently specific and 
important interaction. Conservative substitution with 
a phenyl side chain in analog 97 was tolerated but 
resulted in significant losses in binding (~3-fold) and 
potency (^8-fold), Furthermore a single replacement 
of the p-fluorophenyl side chain of 41 by a hydrogen (Gly 
analog 96) produced a peptide that was almost devoid 
of activity. Clearly a marked preference for a hydro- 
phobic aromatic residue has been demonstrated at this 
position. 

Antagonist Validation. Because of the unprec- 
edented binding and antagonise activity observed for 
peptide 41. additional biological characterization was 
carried out. Peptide 41 blocked platelet aggregation 
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stimulated by 3 j/M SFLLRNP-NH* with an ICso of 0-2 
£ 0.07 //M (N= 4) and caused concentration dependent 
rightward shifts in the concentration of agonist required 
for platelet aggregation (Figure 3), indicating that the 
compound is a competitive antagonist for SFLLRNP- 
NH2 activation oF platelets. The inhibition of platelet 
aggregation gave a Schild slope of 1 .02 and a p^ of 7.26 
(N= 2). This inhibition was specific to the thrombin 
receptor in that platelet aggregation stimulated by ADP 
and U-46619, a thromboxane receptor agonist, was 
unaffected. Peptide 41 also inhibited thrombin-induced 
platelet aggregation, but its potency against SFLLRNP- 
NH2 was greater than against thrombin. The ICso for 
inhibition of thrombin-induced platelet aggregation also 
depended on the thrombin concentration and the indi- 
vidual platelet donor. This result is consistent with 
enzymatic cleavage of the receptor generating a tethered 
ligand having a very high effective local concentration, 
thereby reducing the likelihood of inhibition by a 
competitive antagonist at less than saturating concen- 
trations. 

Antagonist 41 also inhibited SFLLRNP-NH Z and 
thrombin-stimulated membrane GTPase activity in 
platelet and CHRF-288 cell membranes. The inhibition 
of SFLLRNP-NH2-stimulated platelet membrane GT- 
Pase is shown in Figure 4. In human aortic smooth 
muscle cells (HAS Ms), most of the intracellular Ca z+ 
mobilization observed with SFLLRNP-NHj was pre- 
vented by 41 (Figure 5). As for the platelet aggregation 
Studies, a higher concentration of 41 was required to 
inhibit HASM activation by thrombin compared to 
SFLLRNP-NH Z . Analog 41 also inhibited SFLLRNP- 
NHrstirnulated Ca 2+ mobilization in mouse Swiss 3T3 
cells (data not shown). These and other studies indicate 
that the antagonists reported here inhibit the thrombin 
receptor in at least several different species and tissues. 

Furthermore 41 was found not to inhibit thrombin 
proteolytic activity 25 (Aj = 52 fM for inhibition of 
thrombin by 41) at levels where antagonist responses 
were observed showing that its biological activity was 
thrombin receptor specific. 

Summary 

Beginning with existing SAR obtained for thrombin 
receptor agonist peptides and preparing novel analogs 
by systematically substituting residues with nonpro- 
teogenic amino adds, first singly and then in combina- 
tion, it was possible to derive the most potent agonist 
pentapeptide. SF (f)F (Gn)LR-NH2 (9). reported to date. 
Single substitution of the NH^teiminal Ser in agonist 
9 with a wide variety of neutral hydrophobic NHracyl 
groups led to the identification and discovery of novel 
partial agonists and antagonists. The most potent NHz- 
acyl tetrapeptide antagonist derived from 9 was transr 
cinnamoyl-F(f)F(Gn)LR-NH 2 (41) which exhibited spe- 
cific binding to the human thrombin receptor at 
unprecedented single-digit nanomolar levels (* 1000-fold 
enhancement over reported peptide antagonists) and 
inhibited agonist-induced platelet aggregation with an 
IC50 potency of ^iM. Data obtained for NH2- 

terminal acyl group substitution analogs of 41 suggest 
a specific and important interaction for the trans- 
cinnamoyl moiety of 41. Further SAR by systematic 
substitutions of the p-fluoroPhe and p-guanidinoPhc 
residues of 41 did not lead to improved binding or 
antagonist potency indicating important and specific 
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Table 12. Effects of Single (X) or Dual (X. Z) Replacement in Analogs or 90: X-F(Q-P(Gn)-LR-Z-Nrh 



peptide 



ICso (UM) J (AO 



92 
93 
94 
95 



trans-A -flu orocirmain oy) 
3-pheny lpropi Oi iy 1 
3-phcnyl-2«propynoyl 
iron&t -fluorociniiainqyl 



Are 
Arg 
Arg 

Om(acciyl) 



0.019 ±0.007 (3) 
0.009 ±0.001 (3) 
0.004 ± 0.001 (3) 
0.0Z5 ± 0-005 (3) 



0.05 ± 0.01 (3) 
0.25*0-12(3) 
0.04O ± 0.019 (3) 
O.O60 ±0.010 (3) 



a b Sec Table 9. 
Tabic IS. Effects of Substitution* (X) for p-FluoroPWe in 



peptide 


X 


ICso (oM)* {N} 


ICso (kMJ'-W 


99 


Gly 


*>30 


> 100(2) 


97 


Phe 


0.024 ± O.O07 (41 


1.73 ±0.46 (3) 


98 


Cha 1 


0.093 ± 0 032 (4) 


8.73 ±4.95 (3) 


99 


Tha r 


0.042 ±0.011 (4) 


3.31 ±0.57 (3) 


100 


PyrA* 


3,44 ±1.14(4) 


>55(3) 



* A See Table 9. r See Figure 1 for structures and abbreviations. 




1 10 100 1000 

[SFLLHNP-NH2] ty*t) 

Figure 3, Inhibition Of 5fXURNP-NHr-5t3mijlatcd human 
platelet aggregation by peptide 41. Platelet aggregation was 
measured using gel-filtered human platelets in a microtiter 
turbidity assay as previously described. 21 The platelets were 
prelncubated with the indicated concentrations of 41 prior to 
stimulation by SFLU*NP-NH 2 . This experiment is an example 
of several yielding similar results. 

interactions with the receptor at those peptide sites in 
addition to those identified at the NHrterminus. Also 
noteworthy is an apparent requirement for an ap- 
propriately positioned positively charged group (i.e.. 
protonatable base) to mimic the guanidinophenyl side 
chain of 41 if tight binding and potent antagonism are 
to be realized. In general the antagonist SAR thus 
obtained parallels that obtained for agonists. These 
observations, combined with the ability of peptide 
agonists and antagonists to compete for receptor bind- 
ing, suggest at least partially common modes of binding 
for both types with distinct and functional differences 
residing mainly at the NHz-termini that dictate what 
type of activity (GTPase coupling or uncoupling, i.e.. 
agonist or antagonist) is observed for a particular 
structure. Furthermore it appears that the critical NHz- 
terminal interaction is at least in part influenced by 
interactions downstream with more COgH-terminal side 
chains. Thus, extension of 41 by inclusion of an ad- 
ditional Arg residue at the CO z H-termlnus gave the 
most potent antagonist 90 with similar receptor binding 
affinity to 41 but with a significant increase ("-10-fold, 
ICso ~ 20 nM) in potency. When the NHrterminal 




0.1 1 10 

[Pepttfe *TJ (pM) 

Figure 4. Inhibition of SrOXRNF-NHz-sUmulated platelet 
membrane GTPase activity by peptide 41. Platelet membrane 
GTPase was measured with (O) and without (•) 20 fiM 
SFLLRNP-NHz. Thrombin receptor-stimulated GTPase was 
determined as described previously, 23 This experiment is an 
example of three yielding similar results. 




& 100 



280 
Time (sec) 

Figure 5. Inhibition of SFLLRNP-NHrStlmuIated Ca 2+ 
mobilization in cultured human aortic smooth muscle CHASM) 
cells. The cells were loaded with the fura-2 Ca*+ fluorescent 
indicator by Incubation with fw*-2 AM. The loaded cells were 
washed and prelncubated with the Indicated concentrations 
of peptide 41. Ca 2+ mobilization was Induced by addition of 
10 /uM SFLLRNP-NHz (arrow). Fluorescence (excitation at 340 
and 380 nm with emission at 505 run) was measured. 

crans-cinnamoyl group of 90 was replaced with a 
3-phenyl-2-propynoyI group, the tightest binding an- 
tagonist 94 (ICso 4 nM) resulted, which had potency 
comparable to 90. Given the specificity, unprecedented 
binding affinity, and potency for the thrombin receptor 
antagonists disclosed here, it is likely that these, or 
specifically designed derivatives of these, will serve as 
valuable tools for elucidation of thrombin receptor 
structure, function, and pharmacology and serve as a 
starting point for new drug discovery. Indeed, a practi- 
cally accessible tritiated antagonist (91) has been shown 
to be a useful radioligand suitable for use in binding 
assays. 

Experimental Section 

Materials, Boc-Leu-OH, Boc-Arg(Tos)-OH, and p-methyl- 
beTizhydrylamino-polystyrene resins (1% DVB cross-linked. 



PAGE 8/40 * RCVD AT 1116/2007 10:28:47 AM [Eastern Standard Time] 1 SVR:USPTO€FXRF-5/13 * DNIS:2730684 * CSID:908 298 S405 ' DURATION (mm-ss):0848 



01/16/07 10:33 FAX 908 298 5405 SCHER IN G-PLOU GH El 009 



\ 

4886 Jouma) of Medicinal Chemistry. > 996. Vol. 39, No. 25 

0.56 and 0.36 mcqulv/g) were purchased from Peninsula 
Laboratories (Belmont. CA). All nonproteogenic Boc-amlno 
acids were from Bachcm Bioscience (Philadelphia. PA) except 
Boc-Phe(p-AW-bis-Cbz-guanidine)-OM which was prepared 
by reaction of Boc-Phe(p-NH^-OH with MAT-bis-Cbz-l-gua- 
nylpyrazole 26 as described previously.* 7 Trifluoroacetic acid 
was from Eastman Kodak (Rochester, NY), diisopropylethyl- 
amlne was from Fluka (Buchs. Switzerland), and BOP and 
HBTU reagents were from Midwest Biotech (Fishers. IN). 
Coupling reagent solution. 1 M DCC in NMP, was from 
Applied Biosystcms (Foster City. CA). Carboxylic acids used 
for N-terminal acylations. 2-thiophenesulfonyl chloride, and 
anhydrous anisole were from Aldrich (Milwaukee. WI). Syn- 
thesis solvents (CHzCh. DMF, diethyl ether) were obtained 
from Fisher Scientific (Pittsburgh. PA). Hydrogen fluoride was 
from Matheson (Fast Rutherford, NJ). All commercial chemi- 
cals used were of the highest quality available (AR grade or 
better). 

Peptide Synthesis. All peptides were prepared manually 
using standard solid phase synthesis techniques and the Boc/ 
benzyl protection strategy. Syntheses were performed starting 
from 0.08-0.10 mmol of />methylbenzhydrylamino-poly- 
styrene resin. Boc group removals were carried out by 
treatment with TFA/CHzCl* (1:1) for 15 mln. Neutralization 
was performed by two brief washes with 5% DIEA in CH2G2. 
Couplings were performed using 4 equiv of Boc- amino acid (or 
3 equiv for noriproteogcnic Boc-amlno adds) with equivalent 
amounts of BOP reagent** and DIEA in minirmim DMF and 
were monitored for completion using the Kaiser ninhydrin 
test. 29 NHj-terminal acylations by carboxylic acids in general 
were conducted similarly (i-e.. BOP/DIEA) except chat 10 equiv 
were used. In some cases, where BOP -derived intermediates 
precipitated during preactrvatum, carboxylic acids were coupled 
using 1 M DCC in NMP. In the case of the NHz-terminal 
phenylpropioloyl group (analogs 42. 94). N-acylation was 
conducted using the TSAhydroxysuccdniirridc. ester of phenyl- 
proplolic add (prepared by reaction of phenylpropioKc add with 
DCC and AAhydroxysuccinimide in THF at 4 *C, 2 h. then at 
room temperature, 2 h) in CHjCla/NMP. In some cases, 
arginine residues were Introduced starting with Boc-Orn- 
(FmDc)-OH. and after usual peptide chain assembly followed 
by specific cleavage of the side chain Fmoc protection (10% 
dlethylamine in DMF, 10 min) from the protected peptidyl- 
resin, the guanldino group was incorporated using 1/f-pyra- 
zole-l-carboxamlcUne hydrochloride in DMF/DIEA 3D in the last 
solid phase chemistry step before final HF deprotectfon and 
deavage. Peptides containing N.N - 1 etrame thylgu anid 1 n e 
side chains were prepared similarly from the appropriate A^- 
Boc«A^*Fmoc-amlno add using HBTU/DIEA (10 equiv each) 
in minimal DMF (3 h, room temperature) to incorporate the 
tetramcthylguanidino group. 11 Peptides with NHz-aceryl and 
NHrpropionyl side chains were also prepared by this strategy 
(i.e., via orthogonal Fmoc protection of side chain amines 
which* after deprotection, were acylaced using standard re- 
agents while still resin-bound)- Completed protected peptidyl- 
resins were deaved and deprotected using HF containing 5% 
anisole at 4 °C for 1 h. After HF removal in vacuo, the 
products were washed several times with diethyl ether and 
extracted with several portions into 20-30 mL of 5% HOAc 
in water. The entire solution of crude product thus obtained 
was purified by loading directly onto a preparative HPLC 
system with a C-18 column using a linear gradient of increas- 
ing aceLDnitrile in water containing 0.1% TFA for ehltion as 
previously detailed- 32 Fractions shown by HPLC to be >95% 
pure were pooled and lyophilized to provide, with a few 
exceptions, Z5-45 mg Df peptide products (ca. 30-50% overall 
yield) as white powder TFA salts thai in general were >9B% 
pure as determined by HPLC (YMC C\ B column, detection at 
215 and 280 nm using several gradients and solvent systems). 

All peptides were found to have, within experimental 
variation (±5%). the expected composition as determined after 
hydrolysis 34 and amino add analysis using the Pico Tag 
method, 31 which was also used to determine solution concen- 
trations. Peptide identity was further confirmed by FAB mass 
spectral analysis with molecular inn peaks at (M + H)"*" and 
(M - H)~ in negative ion mode, observed for all peptides. The 
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J H NMR data for lead antagonist tetrapeptide 41 is rep- 
resentative: The spectrum (600 MHz) was obtained on a 3 mM 
solution of 41 in D z O (pH 6.6) at 3 'C, and peak positions in 6 
(ppm) (peak positions for exchangeable amide Nh"s were 
determined with H 2 0 as solvent) are reported relative to 
residual HDO in solvent which resonates 5.02 ppm downfield 
from TSP. NMR: d 0.89 (s. 3H. Leu Cttd, 0.955 (s. 3H. Leu 
CHa). 1.48 (m, lH, Leu y CH). 1 .635 (m, 3H. Leu y CH, Leu 0 
CHz), 1.675 (m, ZH, Argy CH2), 1.785 (m, lH. Arg^CHz). 1.88 
(m. lH.Arg0CH2).2.915 (m. lH. Phc(Gn)£CrW, 3.02 (m. 2H, 
Phe(fluoro) $CHJ t 3.13 (m. IH. Phe(Gn) 0CH2). 3.20 (m. 2H, 
Are 6 CHa), 4.25 (m. IH. Arg o. CH). 4.29 (m, lH, Leu a CH). 
4.59 (m. 1H, Phe(Cn) a CH), 4.63 (m. 1H, Phetfiuoro) a. CH). 
6.57 (d. 1H. J= 15.3 Hz. cinnamoyl a vinyl). 6.68 (d, 1H, 
^terminal NH). 6.96 (d, 1H. C-tenmlnal NH). 7.05 (m. 2H. 
aryl), 7.095 (m, 2H. aryl), 7.21 (m. 2H. aryl). 7.245 (m. 2H. 
aryl). 7.27 (m, IR Arg e NH), 7.45 (d. IH. cinnamoyl 0 vinyl 
overlapped with 7.49, rn, 3H. cinnamoyl aryls). 7.66 (m, 2H. 
aryl), 8.22 (d, 1H. J = 6.8 Hz, Leu NH). 8.33 (d, IH, J= 7.8 
Hz. Phe(Gn) a NH). 8.42 (d. lH, 7= 7.0 Hz. Arg a NH). 8.50 
(d. 1H. J= 7.6 Hz, Phe(fiuoro) NH). 

Biological Assays. Assays for human platelet aggregation 
activity . u ** platelet membrane GTPase activity, 3123 and recep- 
tor binding assays using 20-25 nM pH] SFFLRR-NH* and a 
platelet membrane preparation were performed as described 
elsewhere. 24 

Abbreviations. Abbreviations for amino adds and nomen- 
clature of peptide structures not specifically stated in the text 
follow the recommendations of the IUPAC-IUB Commission 
on Biochemical Nomenclature (J. Biol Chem. 1971. 247. 997). 
Other abbreviations not given in the text are as follows: Boc 
= f£jf4)Utyloxycarbcmyl ; BOP = (Wbenzotiiazol-l-yloxy)tris- 
(dimethylamino)ph05phonium hexafluorophosphate; Cbz — 
benzyloxycarbonyl: DCC = ty/tf'-dicydohejtylcartodiirnide: 
DIEA = diisopropylethylamine: DMF = dimethylfDrmamide: 
DVB = divinylbenzene; FAB = fast atom bombardment; Fmoc 
= [(9-nuorenylmethyl)oxy]carbonyl, HBTU = 2-(lr^benzot- 
riazol- l-yl)-l , 1 ,3,3-tetramethyluronlum hexafluorophosphate; 
NMP = MmethylpyrroJidinone: SAR = structure-activity 
relationship: Tos = tosyl (/>toluenesulfonyl); TSP » (trimeth- 
ylsi lyl) l2.2,3 r 3- J H 1 lpropionate. 
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Abstract: Mammalian tissues contain at least two types of cannabinoid 
receptor CBi and CB 2 . both coupled to G proteins. CB, receptors are 
. £££d mainly by neurones of the centra, and P^^^SK 

SI o fSSliS^JSSSlS management of pain and in the suppression of 

cannabinoid receptor agonists, as determined using cyclic AMP or [ 35 S]GTPtS binding assays, 
on! Tr i 2 Scfed examples of how these pharmacological properties can be influenced by 

tSS^m^ the actions of CB 1 or CB 2 receptor agonists are also described. When 
^d^Sr^6^ thsms^. some of these ligands produce effects in certain tissue 
nfeZ^ Predion to those produced by cannabinoid receptor agonists 

J^^!^ ^ 'igands producing such Inverse cannabimimetic effects' are inverse 
agonists rather than pure antagonists is discussed. 
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Introduction 

An important recent advance in the field of 
cannabinoid research has been the discovery of the 
presence in mammalian tissues of at least two types of 
cannabinoid receptor, CB A and CB 2 [1, 2]- Both 
receptor types have been cloned, their predicted 
amino acid sequences showing a similarity of about 
44% (35% to 82% within the individual transmembrane 
domains) [3]. CB A and CB 2 receptors are coupled 
through Gj or G 0 proteins, negatively, to adenylate 
cyclase and to N- and P/Q-type calcium channels and 
positively to A-type and inwardly rectifying potassium 
channels and to mitogen activated protein kinase. 
Under certain conditions, CB^ receptors may also act 
through G s proteins to activate adenylate cyclase [4]. 
There is also evidence that CB^ receptors may mobilize 
arachidonic acid and close 5-HT 3 receptor ion channels 
when activated [1], in addition, cannabinoids can close 
sodium channels but whether this effect is receptor- 
mediated has yet to be established [1], 

As to the distribution pattern of cannabinoid 
receptors, CB^ receptors are found mainly on 
neurones in the brain, spinal cord and peripheral 



nervous system and an important function of these 
receptors seems to be modulation of the release of 
several different transmitters at particular central and 
peripheral loci [1. 2]. The distribution of CBi receptors 
within the CNS is consistent with the ability of 
psychotropic cannabinoids to impair cognition and 
memory and to alter the control of motor function and 
the perception of pain. Thus the cerebral cortex, 
hippocampus, caudate-putamen. substantia nigra pars 
reticulata, globus pallidus, entopeduncular nucleus, 
cerebellum, central grey substance and dorsal horn of 
the spinal cord all contain significant numbers of CB n 
receptors [1, 2]. Although it Is known that CB 2 
receptors are expressed mainly by immune ceils [1, 2], 
little is yet known about their physiological role. 

The cloning of the CBi receptor in 1990 was 
followed by the demonstration in 1992 that mammalian 
tissues produce agonists for these receptors [1 , 2]. 
The most important of these 'endocannabinoids' are 
arachidonoylethanolamide (anandamide) and 2- 
arachidonoyl glycerol (Fig. 1). Both these compounds 
are thought to serve as neuromodulators or 
neurotransmitters, there being evidence that they are 
synthesized within neurones, that they can undergo 
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* depolarization-dependent release from neurones and 
that once released they are rapidly removed from the 
extracellular space by tissue uptake and intracellular 
metabolism [5, 6]. Cannabinoid CBt and CB 2 receptors 
and endocannabinoids together constitute the 
'endogenous cannabinoid system'. 
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2-Arachidonoyl glycerol 
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suppress nausea and vomiting produced by cancer 
chemotherapy. Also included in this review is a range of 
compounds that are commonly used as experimental 
tools and/or that have therapeutic potential. Particular 
attention is paid to the affinities of these ligands. for CBt 
and CB 2 receptors, to the extent that it has been 
possible to develop agents with selectivity for CB 1 or 
CB 2 receptors and to the relative efficacies of agonists 
at CBi and CB 2 receptors. The question of whether so 
called cannabinoid receptor antagonists are really 
inverse agonists is also addressed. Although no 
attempt has been made to give a complete account of 
what is now known about the structural features of 
compounds that determine cannabinoid receptor 
affinity or efficacy, mention is made of a few 
observations that have provided important insights into 
such structure-activity relationships. The review begins 
with .a brief account of the various in vitro bioassay 
systems that are now most widely used to characterize 
cannabinoid receptor ligands. 
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Paimltoylethanolamide 

Fig. (1). Structures of anandamide, 1- and 2-arachidonoyl 
glycerol and palmitoylethanolamide. 

The discovery of the endogenous cannabinoid 
system has prompted a search both for selective CBi 
and CB2 receptor agonists and antagonists and for 
drugs that will selectively modulate the concentrations 
of endocannabinoids at their receptors, through 
effects on tissue uptake or enzymic hydrolysis. This 
review focuses on the pharmacological properties of 
just some of the many CBi and CB 2 receptor ligands 
that are now available. Included are A 9 - 
tetrahydrocannabinol (A^THC). the main psychotropic 
constituent of cannabis, and nabilone (Fig. 2). Both 
these cannabinoids are licensed medicines [7]. A 9 - 
THC, as the oral preparation dronabinol (Marinol), is 
available in the USA for the suppression of nausea and 
vomiting provoked by anticancer drugs and for the 
reversal, through appetite stimulation, of body weight 
loss experienced by AIDS patients. Nabilone 
(Cesamet), a synthetic analogue of A 9 -THC that is also 
given by mouth, is licensed for use in the UK, again to 




NaDflone 



Fig. (2). Structures of (-^-tetrahydrocannabinol (A 9 - 
THC) and nabilone. 

Bioassay Systems for Determining the 
CBi and CB 2 Binding Properties and 
Pharmacological Activity of 
Cannabinoid Receptor Ligands 

In vivo assays have played an important part in 
characterizing the pharmacology and structure activity 
relationships of ligands for C81 receptors [8] and 
remain important for determining the acute and chronic 
pharmacological and toxicological profiles of 
cannabinoids in the whole organism. However, for 
establishing the pharmacological properties of any 
novel cannabinoid, particularly its CBt and CB^ receptor 
affinity and efficacy, the starting point now must be the 
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CP50556 

Fig. (3). Structures of CP55940, CP55244 and CP50556 (L-nantradol). The (+)-enantiomer of CPS5940 is CP56667. 



small set of in vitro 'gold standard' bioassays described 
below. 

Binding Assays with Radiolabeled 
Cannabinoid Receptor Probes 

Several cannabinoid receptor ligands have been 
radiolabeled with tritium and these have played a vital 
part both in determining the affinities of unlabeled 
cannabinoids for CBi and CB 2 receptors in 



displacement assays and in establishing the tissue 
distribution of cannabinoid receptors [1], Commercially 
available radiolabeled cannabinoid receptor ligands are 
[ 3 H]SR141716A. which is CBi-selective, and 
[ 3 H]CP55940, [ 3 H](+)-WIN55212 and [ 3 H]HU-243 f 
which bind more less equally wed to CBi and CB 2 
receptors (Table 1). The structures of CP55940, 
WIN55212, SR141716A and pH]HU-243 are shown in 
Figs. 3 to 6. 



Table 1. Dissociation Constant (K D ) Values of Radiolabeled Ligands at Specific CBi and C&2 
Binding Sites In Brain or Transfected Call Membranes 



Radioligand 


Source of membranes 


K D (nM) 


Reference 


[^HJSR14171 6A 


Guinea-pig forebrain 

Rat cerebellum (10 brain areas studied) 
Rat cerebellum 
Rat cerebellum 
Rat cerebellum 
Rat brain minus cerebellum 
Primary culture Of rat cortical neurones 
Rat brain 


1.24 
0.19 
0.50 
059 
0,61 
0,61 

I 0,76 
120 


[26] 


[123l]AM251 


Rodent cerebellum (3 brain areas studied) 


025 


[21] 


[ 3 H](+)-W1N55212 


Guinea-pig forebraln 

Rat cerebellum 
Rat cerebellum (10 brain areas studied) 

Rat cerebellum 
Rat CBj AtT-20 cells 
Human CB^ 393 ceils 
Human CB-f CHO cells 
Human CBg COS cells 
Human CB2 COS cells 
Hume* C82 CHO cells 


254 

I. 89 
4.67 

aw 

2.60 

II. 9 
165 
2.10 

a70 
aeo 


[26] 

SI 
[243 
[12] 

[11] I 
[12] 


[ 3 H]HU-243 


Rat brain minus brain stem 
Human CSg CHO cells 


0.045 
0.061 


PI 

n4] 


[ 3 H]CP55940 


Human CBi cells 
Rat CB\ ceils 

Rat brain 
Mouse brain 
Human CBg cells 
Mouse CB2 cells 


0,4 to 03 

4.00 
0.07 to 23 

3.4 
02 to 7,37 
0.394 


(U 
[1] 

1 

m 
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WIN55212 

Fig. (4). Structure of WIN55212. 

The most widely used radiolabeled, cannabinoid is 
[3H1CP55940. As this has the same affinity for CB, and 
CB 2 receptors, results obtained from displacement 
assays using this radioligand will only yield useful 
information about the binding properties of unlabeled 
compounds if they are performed with membranes that 
are known to contain either CB, or CB 2 receptors but 
not both. Ideally, these membranes should be 
obtained from CB, or CB 2 transfected cells. An 
alternative is to use tissue that expresses CB, or CB 2 
receptors naturally, for example brain tissue for CBn 
receptors and spleen tissue for CB 2 receptors. 
Although often used, these tissues are less 
satisfactory for displacement binding assays than 
transfected cells. Thus although brain tissue is largely 
populated with CBi receptors, some CB 2 receptors 
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may also be present, on neurones and astrocytes [27, 
28] Similarly, although most cannabinoid receptors in 
the spleen are CB 2 , some CB, receptors are also 
present in this tissue [1]. There is also the possibility 
that brain and/or spleen express types of cannabinoid 
receptor yet to be identified. Indeed, there is already 
some evidence, albert still inconclusive, that mammalian 
brain, spinal cord and peripheral nervous system can 
express additional cannabinoid receptor 
types/subtypes [28, 29]. Binding assays performed 
with membranes from brain, spleen or other 
cannabinoid-receptor containing tissues using well- 
characterized cannabinoid receptor ligands provide a 
powerful means of searching for novel cannabinoid 
receptor types/subtypes. Another commercially 
available radiolabeled cannabinoid receptor probe is 
pHJanandamide. However, this tends to be used in 
experiments designed to explore the biochemistry and 
pharmacology of anandamide tissue uptake and 
metabolism rather than in receptor binding assays. The 
CB 2 -selective ligand. [ 3 H]SR1 44528 has also been 
synthesized but is not yet generally available. 
Representative CB-j / C B 2 K D values of 
[3 H ]SR141716A, PH1CP55940, [3H](+)-WlN55212 and 
(3H]HU-243 are shown in Table 1 whilst values for the 
relative CBi/CBsi affinities of unlabeled SR141716A, 
CP55940, (+)-WIN55212 and anandamide are given in 
Table 2. 



Table 2 



The Abilities of Certain Uganda to Bind to CBj and CB 2 Heceptors 



Displacing Ligand 


Radioligand 


CB1 membranes 


C02 membranes 


CB-i Kj 
(nM) 


CB 2 Kj 
(nM) 


Affinity 

ratio 
CB.|/CB2 


Affinity 

ratio I 
CB 2 /CBi | 


Reference 


CB-| selective 














ACEA(Fig.H) | 


[3H1CP55340 


Rat cerebellum 


Rat spleen 


1.4* 


>2000* 


>1428 


<0.0007 


[46] 


| SRH17l6A(Fig.S) 


(^cpsssao 


hC$i In L cells 


hCB2 in CHO cells 


11.8 


13200 


1118.64 


0.00089 


142] 


SR141716A 




hC&y In L cells 


hCB 2 in AtT-20 cells 


11.8 


973 


62-46 


0.012 


[321 


SR141716A 


[3h]CP55940 


hCBi in CHO ceils 


hCB 2 in CHO cells 


123 


702 


* 57.07 


0.01 B 


(371 


SR141716A 


[3H]CP55940 


hCBi in CHO cgIIs 


hCB2 in CHO cells 


5.6 


>1000 


>1 78.57 


<K).0056 


PQJ 


SR141716A 


(3h]CP55940 


Rat braint 


Rat spleen 


1.98 


>1000 


>505.05 


<0.002 


E3QJ 


ACPA(Rg.1t) 


[ 3 H]CP55940 


Ratcerebsllum 


Rat spleen 


2.2' 


715' 


325.00 


0.0031 


[46] 


LY320l35{Rg,14) 


[ 3 H]CP55940 


hCBi in L cells 


hCB2 in CHO cells 


141 


14900 


105.67 


0.0095 


142J 


Methananctemide (Fig. 
11) 


[ 3 H]CP55940 


Rat forebrain 


Mouse spleen 


17.9" 


866" 


48.43 


0.021 


[45] 


Msihanandamide 


[ 3 H]CP559^0 


Rat forebrain 


Mouse spleen 


20* 


815 


40.75 


0.025 


[40] 


0-585 (Fig. 11) 


( 3 H]CP5S940 


hCBt In CHO cells 


hCB2 in CHO cells 


a.6* 


324* 


37.67 


0.027 


[371 


Q-6S9 (Fig. 11) 


| ( 3 H]CP5S940 


hCBi in CHO cells 


tiC©2 in CH0 cel]3 


5.7" 


132* 


23.16 


0.043 


[37] 


SlmQar affinities for CB-j and CB2 recept 


ors 










AnandamidQ (Fig. 1) 


t 3 H]CP55S40 


j Rat forebrain 


Mouse spleen 


81 1 


1930" 


31.64 


0.032 


[45] 
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Displacing Ugand 


Radioligand 


CBi membranes 


C&2 membranes 


CBi K| 
(nM) 

ear 


CB^ K] 
(nM) 

37r 


fKTJ in try 

ratio 

4.17 


Affinltv 
ratio 

024 


Reference 
[371 


Anandarride 
Anandamida 


[ 3 H]CP55940 
[ 3 H1CP55940 


nCB-| in CHO ceils 
nCBi in I cells 


HCB2 in CHO cells 
hCB2 in AfT.20 cells 


543 


1940 


357 


028 


[32] 


Anandarnide 


^H)CP55940 


Rat cerebellum 


Rat spleen 


7\T 


279' 


3.89 


026 


W) 


Anandamide 


[ 3 H]HU-243 


rCBi in COS cells 


hCB2 ^ COS cells 


252 


581 


231 


0-43 


[31] 


AM404 (Rg. 12) 


[ 3 H]CP55940 


Ratforebraln 


Mouse spleen 


l/w 


1TDOD 


739 


0.14 


[40] 


CT-3 (Rg. 7) 


|3 H ]HU-243 


rCB-j in COS ceils 


hCB2 in CHO cells 




■on ^ 

1 / U.J 


528 


0.19 


[4 1 ) 


2-AG (Rg-1) 


( 3 H]HU-243 


rCBi in COS cells 


hCB^in COS cells 






2.97 


034 


131] 


| 2-AG 


[ 3 M]HU'243 


CB<| in COS cells 


CB2 'n COS cells 


DO 




- 2.49 


0.40 


[44] 


11-OH-CBN'OMH 
(Fig. 8) 


[ 3 H]HU-243 


rCBi in COS cells 


hCB2 in CHO cells 


0.1 






030 


[41] 


HU-210 (Fig. 6) I 


l 3 H]CP55940 


hCB^ in t cells 


hCBgin AtT-20 cells 


0.0608 


0524 


8.62 


0.12 


(32J 


HU-210 


pH]HU-243 


rCB-j in COS cells 


hCB2 In CHO cells 


0.1 


0.17 


1.70 


059 


[411 


HU-210 


r3H]CP5594o 


hCBi in CHO cells 


hCBg in CHO cells 


0.73 


022 


030 


332 


P7] 


HU-211 (Rg. 6) 


[ 3 H]CP5S940 


hCBt in CHO cells 


hCB2 in CHO cells 


1990 


>10 k 0Q0 


>5,0 


<0.2 


[371 


0-1184 (Fig. 9) 


[3HJCP55940 


hCBi in CHO cells 


hCB2 In CHO cells 


5.25 


7.41 


1.41 


0.71 


[49] 


A 9 -THC (Fig- 2) 


[ 3 HJCP55940 


hCBi in L calls 


hCB2 m AtT-20 cells 


53.3 


753 


1.41 


0.71 


^ 


A 9 -THC 


[ 3 H]HU-243 


rCBt In COS cells 


hCB 2 In COS cells 


39.5 


40 


1.01 


039 


[34] 


* 9 -THC 


[ 3 H]CP55940 


hCSi In CHO cells 


hCB 2 In CHO cells 


40.7 


35.4 


039 


1.12 


[37] 


A 9 -THC 


[ 3 H]HU-243 


rCBi in COS cells 


hCB 2 in CHO cells 


803 


322 


0.40 


2,49 


[41] 


A 9 -THC 


[ 3 H1CP55940 


Rat braint 


Rat spleBn 


353 


a9 


0.11 


9.05 


m 


Nabilone (Fig. 2) 


[aHlCPSSgaO 


hCBi 


hCB2 


1.84 


2.19 


1.19 


034 


[33] 


A 8 -THC (Fig. 7) 


f3H]CP55940 


Ratforebraln 


Mouse spleen 


47.6 


303 


0.83 


121 


136] 


A 9 -THC-DMH (Rg. 7) 


[ 3 H]HU-243 


rCBi In COS cells 


hCB2 in CHO cells 


0241 


0.199 


033 


121 


[41] 


CBN-DMH (Fig. 8) 


[ 3 HJHU-243 


rCBi in COS cells 


hCBg in CHO cells 


2 


1.5 


0.75 


133 


[41] 


CP55940 (Fig. 3) 


[ 3 H]CP55940 


hCBn in CHO cells 


nCB2 in CHO cells 


5 


13 


0.36 


2.78 


[47] 


CP55940 


[ 3 H]CP55940 


hCBi in L cells 


hCB 2 in AtT-20 celte 


3.72 


2.55 


0.69 


1.46 


[32] 


CP55940 


[ 3 H]CP55940 


Rat braint 


Ret Spleen 


137 


1.37 


1.0 


1.0 


! po] 


CP55940 


[ 3 HlCP559dO 


hCB-i in CHO cells 


hCB2 in CHO cells 


0.58 


0-69 


1.19 


034 


[371 


CP55940 


[3h]CP55940 


Rat cerebellum 


Rat spleen 


0.50* 


2.80" 


5.60 


0.18 


[46] 


11-OH-CBN (Fig. 8) 


[ 3 H]HU-243 


rCBi in COS cells 


hCB 2 in CHO cells 


38 


26.6 


0.70 


1.43 


[41] 


CannabWIol (Rg. 8) 


[ 3 H]CP55940 


nCB-i in CHO cells 


hCB2 in CHO cells 


4350 


2860 


0-66 


132 


137] 


i Cannabind (Rg. 8) 


[ 3 H)HU-243 


rCBi In COS cells 


hCB2 in CHO cells 


on rj 


I turt 


030 


1.67 


[41] 


Cannabinol 


[ 3 H]CP55940 


hCB 7 in CHO cell: 


i hCB2 in CHO cells 


308 


963 


031 


320 


P7] 


Cannabinol 


[ 3 H]CP55940 


hCBi in L cells 


hCB2 in AtT-20 cella 


1130 


301 


\)Zf 




1321 


CPS6667 (Rg. 3) 


[3H]CP55940 


hCB-| in CHO cells 


i hCB 2 in CHO cells 


61.7 


23-6 


038 


2.61 


[37] j 


11-OH-A 6 -THC (Rg. 
7) 


[ 3 H]HU-243 


rCBi in COS cells 


bCB2 In CHO cells 


25.8 


7.4 


029 


3.49 


{411 


1-deoxy-A B -THC- 
DMH (Rg- 10) 


{ 3 H]CP55940 


Rat cerebral corte 


< hCB2 in CHO cells 


23 


29 


0.13 


7.93 


[38] 
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Displacing LIgand 


Radioligand 


CB\ membranes 


C&2 membranes 


CBi Kj 
(nM) 


CB 2 Kj 
(nM) 


Affinity " 

ratio 
CB-|/CB 2 


Afflnitv 
ratio 




CBg selective 








(+)-WIN552l2 (Fig. 4) 


r3i_np pccodA 


Ral brainf 


Rat spleen 


9.94 


16.2 


1.63 


0,61 


P0] 






Rot cerebellum 


Rat sDleen 


4,4" 


1.2* 


057 


167 


[46] 


(+)-WIN55212 


[SrHJCPSSSaO 


hCB-| in CHO cells 


hCB2 in CHO cells 


1.B9 


02B 


0.15 


6.75 


[37] 


(+)-WIN55212 


[ 3 H]CP55940 


hCB-j in L cells 


hCB2 in AIT-20 celts 


623 


33 


0.053 


18.88 


m 


(■+)-WIN55212 


[ 3 H]CP5594Q 


hCSi in COS celts 


hCB2 in COS ceils 


123 


4.1 


O.033 


30.00 


PS] | 


JWH-015(Fig. 13) 


[ 3 H]CP55940 


hCB 1 In CHO cells 


hCB2in CHO ceils 


383 


13.B , 


0.036 


27.75 


(37] 


JWH-051 (Fig. 10) 


[ 3 H]CP5$940 


Rat cerebral cortex 


hCB 2 in CHO cells 


1.2 


0-032 


0.027 


37^0 


1381 


L76B242(Rg.13) 


[ 3 H)CP55940 


hCB-j 




1917 


12 


0.0063 


159.75 


1391 


JWH-139 (Fig. 10) 


( 3 H]CP55940 


Rat cerebral cortex 


hCB2 in CHO cells 


2290 


14 


0.0061 


16357 


[48) 


AM630 (Rg.13) 


( 3 HJCP55940 


hCB 1 in CHO cells 


hCB2 In CHO ceils 


5152 


315 


0.0061 


165.13 


[471 


JWHM33 Fig. 10) 




Rat cerebral cortex 


hCBg in CHO cells 


677 


3.4 


0.005 


199.12 


[481 


l-deoxy-A 8 *THC (Rg. 
10) 


[ 3 H]CP55940 


Rat cerebral cortex 


hCB2in CHO cells 


5770 


32 


0.0037 


274.1 


P48J 


L759633(Fig.10) 


[ 3 H]CP55940 


hCBi in CHO cells 


hCBg in CHO cells 


1043 


6.4 


0.0061 


16297 


[47] 


L759633 




hCB 1 


hCB 2 


15850 


20 


0XJO13 


7925 


C33] . 


L759656 (Fig. 10) 


[ 3 HJCP55940 


hCB-i in CHO cells 


hCD2 in CHO cells 


4868 


11.8 


0,0024 


41424 


1*71 


1759656 


I 3 H]CP55940 


hCB 1 




>20000 


19.4 


<0.00097 


>1000 


(33] 


SR144528 (Rg. 5) 


I 3 H]CP55940 


hCB 1 in CHO cells 


hCBg in CHO cells 


437 


0.60 


0.0014 


726.33 


[43] 


SR144526 


[ 3 H]CP55940 


Rat brainf 


Hat spleen 


306 


030 


0.00099 


1016-67 


1431 


SH144528 


[ 3 H]CP55940 


hCB-i In CHO ceils 


hCB 2 in CHO cells 


>10000 


5.6 


-eO.00056 


>1785 


[47] 



"^Minus cerebellum. "Witfi PMSF 50 10 300 |iM. 

CP56667 is trie (+Hnaniiomer □! CP5594Q. HU-2ii Is ihe W-enantiomer ot HU-210. 

h, human: r, rat; ACEA. arachidonoyl-2-chloraeihylamide; ACPA. aracNdonoylCyClOprcpylamide: 2-AG, 2-aracnidonoyl glycarol. CBN, cannablnol: DMK 
dlmeihylheptyl; THC, tetrahydrocannabinol. M 9 



Three other radiolabeled ligands have been 
developed as potential probes for human single 
photon emission computed tomography (SPECT) or 
positron emission tomography (PET) studies, ad 
analogues of SR141716A (Fig. 5). One of these is an 
[ 18 F]-labelled analogue, SR144385 [50J. Another is 
[ 123 I]AM251. in which the 4'-CI of the 
monochlorophenyl group of SR141716A is replaced 
by 4'-l [21, 51] (Table 1). The third of these 
radiolabelled ligands is [ 123 I]AM281 in which the 
piperidine ring of SR141716A is replaced by a more 
polar morpholino group [52]. AM281 antagonizes (+)* 
WIN55212-induced inhibition of evoked acetylcholine 
release in rat hippocampa! slices with a similar potency 
to SR141716A [53]. Like SR141716A (see below), it 
also enhances evoked acetylcholine release in rat 
hippocampal slices when administered alone [53]. 



Functional In vitro Assays 

Two in vitro bioassay systems have yielded most 
information about the efficacy of ligands at CB<i and CB 2 
receptors. One of these measures net agonist- 
stimulated [ 35 S]GTPyS binding to G protein (Table 3). It 
relies on one of the events triggered by the occupation 
of CBt and CB 2 receptors by agonist molecules: 
increased G protein affinity for GTP (and [ 35 S]GTPyS). 
The occupation of a CBj or CBg receptor by an agonist 
causes the. a and py subunits of the heterotrimeric G 
protein to which it is coupled to dissociate and shifts 
the a subunit from a state in which it has higher affinity 
for GDP than GTP to one in which it has lower affinity for 
GOP than GTP. Once dissociated, the a and py 
subunits both act upon effectors until the GTP bound 
to the a subunit is dephosphorylated to GDP by ,the 
action of a subunit GTPase. The a and py subunit re- 
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SR14452B 



AM2S1 J AM281 ^ 

Hg (fi). Structures of 5RU1716A. SR14438S, SR144B21 AM251 and AM2B1. 
9 ' ln net agonist-stimulated [35S]GTPyS binding [671- The 

amount by which GDP concentrations can be increased 
to enhance net agonist-stimulated [^GTPyS bind.ng 
is limited by the concentration-related inhibitory effect 



associate and the reconstituted G protein is then ready 
for further activation by agonist. For an agonist to 
produce sufficient stimulation of l^SJGJPyS 
membrane binding, it is important that the binding of 
[35siGTPvS that occurs in the absence of added 
agonist is minimized. This is achieved 1 by adding high 
amounts of GDP and sodium chloride [55. 67, 69]. GDP 
decreases agonist-stimulated as well as basal binding 
of [3 s S1GTPtS. However, it is the basal binding that it 
inhibits the more, the overall result being the 
production by GDP of concentration-related increases 




Fig. (6). Structures of HU-210 and ^HU^. The (+)- 
enantiomer of HU-210 is HU-21 1 - 



GDP has on absolute levels of basal and agonist- 
stimulated of binding. Thus, when GDP concentrations 
are progressively raised, a point is eventually reached 
at which [ 35 S]GTP-yS binding has fallen to a level that is 
too low to be measured reproducibly [55]. 

The other bioassay system exploits the negative 
coupling of CB, and CB 2 receptors to adenylate 
cyclase, the measured response usually being agonist- 
induced inhibition of forskolin-stimulated cyclic AMP 
production in cannabinoid receptor-containing tissue 
preparations (Tables 4 and 5). Although CB, orCB 2 
transfected cells are now most frequently used to 
characterize novel cannabinoid receptor ligands with 
this assay, tissues that express CB, orCBa naturally 
have also been used. These include brain 
synaptosomes and primary cultures of central 
neurones or spleen cells (see above) Some 
information about the efficacy of ligands for CB, 
receptors has also been gleaned from a third bioassay 
that exploits the negative coupling of CB 1 (but no . CBjj) 
receptors to N- and P/Q-type calcium channels [1]. In 
this case the measured response is agonist-induced 
inhibition of depolarization-stimulated inward calcium 
current in CB, receptor-containing tissue preparations 
(Table 6). However, this system is less suitable for 
routine use. 
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table 3. ' Stimulatory Effect of Certain Cannabtnold Receptor Ligands on GTP7S Binding by Tissue or 
Cultured Cell Membranes Expressing Cannabinoid CB-| or CB2 Receptors 





Experimental 








EC S0 VBftNS (nM) ft 


nd ma^mn dagra* of allmulallon over basal (%) 








Preparation 


Condition* 


CPS59 


CPS52 


CP50S 


TMC 


HI | 




B-win I 


AEA 






0-1 064 


CBN 


Re?. 


Human CS-j- 
iransfccted 
CHOcel 
membranes 


0.1 nM (^ a S]GTPyS; 
SO uM GDP; 100 mM NaCt: 

30 yopratain: 

A O Ik 4 crtir fl' rt lVi R"5A* 

ul2 miVi to i /*. w. * to d«/v 
6.0 min a! 30 "C OT.2 ml assavl 


-40% 
Oy20nM 
























1591 


Human CB,- 
IrartSlBded 

CHO cell 
membranea 


0.1 nM ^SlGtP^S: 
50 it M GOP: ISOmMMsP; 

2.5 mM MgCl£ 
0.1% tislua: 1 mM fcDTA; 

0.25% BSA: 
«o min at 30-C ii ml assav) 


- 


- 


- 




- 


473" 
76% 




- 


- 


- 




— 


[60] 


Human C81- 
translneied 
CHOccfl 

membrane 


0.1 nM J^SJGTPyS: 
50 uM GDP; 
iSOmMM^Ci; 

2,5 mM MQPW. 0.1% ttesuw. 

1 mMtDTA: 

0.25% QSA 
90 min at 30*0 (1 ml aswv) 


- 


- 


- 




~ 


3sr 
77.0% 


- 




- 


- 

— --— 


— 




(63] 


Human C&y 

CHOcel 
mombonos 


i nM r^SJGTPtS: 
320 uM GDP; 
100 mM MaCl: 
32 mM MgCV 

60 mrn M 37°C fO.25 ml assavl 


16-6 
100% 


— 


— 






Biae 

32% 


- 


- 


- 






>10uM 

-5% 


166] 


RBI 

ttrtarum 
p POP 1 ifartnCa 


0.05 nM [ 3a S]GTP T S: 
• 20mMGDP: 
lOOmM NaCl: 
3 mM MgC^; 
dug protein; 
0.2 mM EGTA: 0.1 mg BSA; 
50 mm 91 30*0 11 ml essay) 








- 


- 


20 
12S% 


- 


- 


- 


- 








Rai 
oerebdlum 
membrane? 


0.05 nM (^SJGTPtS; 
SOuMGDP; 
lOCmMNaCh 
3 mM mqC^; 
i9ufi ptaein: 
0,2 mM EGTA; 
0.1% BSA; 
60 min Bl3n_g.ll ml assay) 


100 
140% 




500 
167% 


0% 




160 
162% 


i»iO0O0 
3%" 


SfSiorr 










[55) 


Rat 


0.05 nM I^SIGTPyS; 
20 uM GDP; 
lOOmMNaCI; 
amMMQCIg! 
15mQ protein; 
0.2 mM EGTA: 
0.1 mo bSa: 
60 min st 30°c fl ml assavl 








20% 




120 
270% 


- 




- 


- 






(191 


Rat 
csrebeflum 
rnomteancs 


0.2 nM E 3S S]GTPtS: 
IOOuMGDP; 
1 mM MgClg; 
iSugpfoein: 
1 mM EGTA; 
0.25 mg BSA' 
90 m*« Bl 30"C (0 5 mLassay) 


9 

100% 






530 
54% 


- 


09 
75% 


>10000 


540- 

73% 


190 
1W% 


- 




30% 




|j Rai 
Ctjrabtflum 
membranes 


0.05 nM I^SJGTPyS: 
i 100 (or 1 W> uM GDP; 
i 150mMNaCI; 

drriMMgC^IO^gproteh: 
0.2 mM EGTA* 
1%BSA: 

fiOmin (HU) Of 30 min B130*C 
IC.Smlagsayl 


17.6 
114% 
81%* 


0.47 

168% 




0% 
51%* 


0.55 
1<C% 


151 
156% 
EB%f 


- 


0% 


- 


25.4 
97% 


246 
60% 


0% 


154] 


Rat 
OOTbdum 

memtames 


o.z nMr^siGTPtS: 
100 um GDP; 
1 mM M0CI2: 
iSiigprcwm; 
1 mM £<5TA: 
0.25 mg BSA; 
90 min bL 30*C (0 3 ml a**Svl 


53 
B7% 


- 


- 


216 
54% 






_ 






_ 


- 


167 
24% 


165] 


Rat 
oorGboflurn 
mambcBnaa 


0.05 nM t^SJGTPyS; 
30 uM GDP; 
100 mM NaCt 
4*15 m proieVr. 
0.1% BSA; 
120 min Bl 3Q*C.O ml swv) 


B.G 
95%t 


- 


B 

117%t 


57 
25%t 




160 
125%T 


_ 


390- 
B2%T 


320 


m 


- 


- 


t67l 


eoebeLn 
nMVibfBnes 


0.S6 nM [^SjaTPrS; 
10jiM GOP; 
ISOmMtf-jCt; 

5 uo protein; 
0.1% BSA; 
30 min at 37*0 


31 

100% 










120 
117% 




276" 
65% 










[46] 


" Hal 


0.0S nM r^SJGTPtS: 
SO |4M GDP; 
lOOmMNrf* 
smMMgCfc; 
40*50 ug protein; 

0-1% BSA; 
60minal30 a C 


100 
145% 










180 
150% 






330 
14B% 
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Preparation 


Expcri menial 
Con d Won 3 


CPS59 


CP552 


E 

CP605 


lC S o values (nM)Bn 

THC | «J 


o maximal 
(♦)-WlH 


degree of aUmutBlinn 
(-J-WIN j AEA 


overbad 
Mel 


taU%) 

0-W9 j 0-10*4 j 


CBN 


Rel. 
1221 


- Hal 
(a) cerebellum 
f&) amygdala 
(c) hypothalamus 
mcmDTBncS 


0.05 nM [^SlGTPTlS; 
30pMGDP: 
100 mM NaCI; 
3mM M9CI3: 
lO^Ouo orple«; 
0.2 rnM EGTA: 












(a} 155 
<b>B« 

(c) 131 








i 
1 

i 




1551 


bran 
membrane* 


n iu. dc a fli m*C 1 1 mi assay) 
O.lnM^SlCTPrS: 
50 uM GDP: 
150 (TIM NaCI. 
2.5 mM MgCi2*. 
1 rftM EDTA; 












-320 r 








- i - 

i i 

t i 
i . - i 




1571 


Mouse 
whole Dniin 
membranes 


eomin si ^n»c (1 mlaaeav) 
0.1 OM pSlQtPTrS: 

fiOuMGDP; 

2.5 mM MgCW; 

i mM EDTA. 
0.25% BSA, 








-30% 




-lSC% 


- 


- 




i 




- 


[S1J 


| Mouse 
" whole bran 
membranes 


_ 9Qmhfll3P a C _ 

0.1 hM ^SIGTPtS; 
50 uM GOP; 
150mMNBO; 

2.5 mM M9CI5: 
1 mM EOT* 
0.25% BSA: 


ei.r 

136% 






70.9* 

37% 


£26* 1 
123% 




- 






i 

i 




[BB) 


Mouse 
whole hraln 


90 mm al 30'^ 0 ml bsi^vI 
0.1 nMJ^SlGTPTS; 
100 GDP; 
TOOmM NaCt 
3 mM MoC^; 
50 y Q protein: 
0.2 mM EDTA; 
56 uo 6SA; 


200 
73% 






_ 


- 




- 






i 
i 

I 




(591 


Gumea-o»g 
whote train 
mBmtXancs 


fth mn a| xfC (0.5 ml assayl_ 
0.1 nM'rsiGTPyS; 

ISO mM NaO; 
2.5 mM MoCJj: 
l mM EDTA; 












2960" 










i 


575-4 


[66]- 


HtMBhCbV 
IransfedeB 
DO ceil 
memorartefl 


QOmtn ai30 a CfimlasSBV) 
l nM r^SlGTFyS: 
320 MM GOP: 
100 mM NaCt 
32 mM MgCfc 
5 MS protein; 


2.74 
42% 










2.24 
27% 










i ' 

i 

i 


-53% 





•In ihe presonce ol 50 <o 150 mm phenytmeihy^phenyl l^ide 

^^^Z^LaM daia.ufi.nrj « * - j; £W-W|N5|Z1 • |«71 cp ^ ^55^ Ftg . 3); CP*52. CP55244 (Rg. 3); C«S9. ^J^S^ 

[Fig. «);WlN.WIN55212(Fig. 



The [ 35 S]GTPyS assay is the least sensitive of the 
three functional bioassays described in this section 
(Tables 3 to 6). Presumably this is because the 
cannabinoid receptor signal is less amplified in this 
assay, adenylate cyclase and calcium channels both 
being located further along the signalling cascade than 
G protein. The P 5 S]GTPyS assay also differs from the 
other two assays In providing a total measure of G 
protein-mediated cannabinoid receptor activation 
rather than a measure of the activation of just one 
particular cannabinoid receptor effector mechanism. 
This assay should, therefore, be independent of any 
variations that may exist between tissues in the relative 
contribution made by different G protein-coupled 
effector mechanisms, 

A measure of the relative efficacies of cannabinoid 
receptor agonists can be obtained in all three assay 
systems by constructing log dose response curves and 
then comparing the size of responses to maximal 
. doses (E max values). Indeed, there is usually no other 
way of obtaining an indication of the relative efficacies 
of cannabinoid receptor agonists from the existing 



published data. One exception to this is to be found in 
a paper by Burkey et ah [61] which contains relative 
efficacy values at CB-i receptors for CP55940. 11-OH- 
A 8 'THC-dimethyiheptyl (HU-210). anandamide and A 9 - 
THC estimated from pSjGTPyS binding data. It is 
noteworthy that the maximal effects of what appear to 
be full cannabinoid receptor agonists on forskolin- 
stimulated cyclic AMP production and on 
depolarization-stimulated inward calcium current usually 
fall well short of complete inhibition (Tables 4 to 6). 

in the literature, and hence also in Tables 3 to 6, the 
potency of an agonist is usually expressed as the 
concentration (EC 50 ) of that agonist lying at the mid 
point of its log concentration-response curve. Caution 
should therefore be exercised in using these EC 50 
values to calculate relative potency values as (a) not all 
cannabinoid receptor agonists elicit the same maximal 
response in any given assay system fables 3 to 6) and 
(b) relative potency values should be calculated by 
comparing the concentrations of different drugs that 
elicit the same sized response. This point is well 
illustrated by the data of Burkey et aL [57] who reported 
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* ihat A B -THC has a 5.9 fold lower EC 50 man (+)- 
WIN55212 in the [ 35 S]GTPyS binding assay. The EC 50 
of A 9 -THC (59 nM) produced only about 15% 
stimulation of [^SJGTPyS binding whereas the EC 50 of 
(+)-WIN552l2 (347 nM) produced about 75% 
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stimulation. (+)-WlN55212 matched the half-maximal 
response to A 9 -THC (15% stimulation) at a 
concentration of about 25 nM, showing it to be more 
than twice as potent as A 9 -THC in this assay. 
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Table 4. Inhibitory Effect of Certain Cannabinoids on Cyclic AMP Production by Cultured Cells 
Expressing Cannabinoid Cb-j Receptors or by Brain Tissue Stimulated by ForsKolin (FSK), 
Secretin, Prostaglandin E-|, Prostacyclin or Isoprenaline 



Preparation 


Mods of 
cyclic AMP 
silmulaiion 


Inhtellory EC50 values (nM) pnd man Irrupt degree or IntiJftMJOA {%) 


CP559 


CP552 


CPSQS 


7HC 


HU 


j Nab | (t-)-wm 




AEA 


2*AG 


PEA | CBN 


Ret 


Human CB r 
trans/ecled 
CHO celta 


0.5 pM 
FSK 


0.99 
60% 


a 128 

B0% 


- 


13 
-10% 


- 






- 


- 


- 


— 




im 


Huma/i CBt 
tnanarecied 
CHO gHIs 


0-5jiM 
FSK 


- 


- 




- 


- 




— 


- 


160 

-100% 




>l mM 
0%« 
1 mM 




[61} 


Human CB r 
CHO cells 


F5K 


1.27 


- 


- 


- 








- 


- 


- 




- 


{301 


(ransfceicd 
CHQ cdfc 


FSK 


143 


- 


- 


16,5 


0.197 


- ' 


24 


- 




- 


- 


>1 uM 
0% Bl 
1 MM 




" "Human C8|- 
transfccted 
CHO cells 


F5K 


12 


- 


- 


10 






M 




- 


- 






im 


Human CB r 


FSK 


11 






■ 


0.19 
-55% 




7.6 
-40% 


0% at 
luM 


-75% 


- 






1161 


Human CB r 
transieaed 
CHOceua 


" 3 M M 

FSK 


0.16 
-7S% 






235 
-75% 


*~ 








- 


- 






|59J 


Human CS r 
iranaiecied 
CHO tHh 


W 


2 

-63% 






10 7 
-60% 






44 3 
-50% 


- 


10&5 
-29% 


- 






[91J 


Human CB r 
transfeded 
CHO cells 


1 uM 

FSK 


A 








— 




31 
75.1% 


- 


- 


- 






1241 


Human CB^ 
Iransfoctcd 

/*ufS nolle 


3nM 
FSK 


2 

75% 




** 


— 


- 










- 








Human CS-j - 
transfecied 
293cefla 


0.5 
FSK 












- 


1-S* 
63% 








_ 


_ 


1931 


CB r 
tttrtsleaed 

COS cells 


1 MM 
FSK 












- 








426' 
-80% 




- 


[4*1 


UansfBdcd 
CXO cells 


0.5 uM 
FSK 


0.67 
-60% 






13.3 
-40% 




16.6 
"60% 


' 










_ 

-12% 
at 1 pM 


[75] 


PaiCe r 

tr&nslecied 
I CHO crib 




1.B 


02 


2.4 


55 


0.02 


3.1 




>2D00 






- 




r7Hi 


Rat CBy 
trarrsfeded 
CHOcens 


luM 
FSK 








9.1 
-45% 


'6.9 
50»55% 


- 


- 




201 





s>10uM 
0% al 
lUnM 

ti> II) 11 M 


- 


[60] 


Rat CB r 

trensfetted 
CHO Mb 


PG5 1 


- 


- 


- 


92 








- 


1005 
-60% 


- 






tasj 


flalCSr 

trans lecfed 
COScsife 


J UM FSK 








13 
62% 


















(3<J 


RalCB t - 

transiecied 
COS cells 


luM 
FSK 








n 


0.C35 














120 


(41) 


Human U373 MG 
asirocyiomB 

ceils 


5mM 
FSK 


as 

-100% 












32 
-100% 












[QSJ 


Mojsc 

eel 
fitcmbmnes 


inM 
FSK# 






-100 
-32% 


-220 
-29% 
















-500 
-9% 


poj 


Mouse 
N1STG2 
cd 

m^o i J-n.ii iio 


100 uM 
aecratin 








530 
-30% 
















1400 
-14% 




Mouse N13TQZ 
eel 
mnmbrsncs 


0.5 uM 
secnilin 


25 

3$% 


5 


100 


430 


















173] 


Mouse N1BTG2 
□ril 

mohfibfsuies 


0.5 uM 
sccrann 










72 
















t?4l 


Mouse 
NTBTG2 
cefls 


luM 
FSK 










2.9 

-60% 








54> 
-40% 




>10pM. 
0% at 
0.1 nM 
luJNuM 




m 


N1BTG2 

cd 

manUyanes 


0.65 pM 

secretin 


















1000" 

45% 
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(Table 4). con\6 — 





Mode oi 


Inhibitory EC S0 v^uea (nM) and maximal degrw oi inhibition (% 


1 






P rtpSf Bt Ion 


cytllc AMP 
stimulation 


cpss9 




CP5D5 


THC 


HJ 


Nab 


{♦)-W!N 


H-win 




2-AG 


PEA 


cat 


Rel. 




prostacycln 






50% 
al30uM 


30% 
hi 30 uM 












1 _ 




- 


17U 


oolK . . 
N18TG2 


0.5 pM 

secretin 










i.a 

53% 


_ 


- 


- 


- 


- 


- 




[741 


ORfc 

Mouse 
N1BTG2 


luM 
FSK 


- 




- 


1.2 
-3$% 




- 


* 


- 


- 


- 


- 


- 


1851 


Mould 
N1BTG2 


1 MM 
FSK 


- 


- 


- 


35 

*S% 


- 


•* 












- 


(34) 


MOW5e 
NGlOB-15 
cells 


1uM 
FSK 












16.2 
35.6% 














1671 


SH-SY5Y 


1 mM 












202 

*5.4% 














187) 


cells 
Rftt^ 

neurones 


_ FSK 
3MM 
FSK 


- 


- 


- 


- 


- 




- 


- 


1200 
>30% 


900 

>4>% 


- 


- 


[92] 


f prima (V cultural 
cofcal 


1 uM 
FSK 


4.6 


_ 




- 


- 




73% 


- 


- 




- 


- 


tl8) 


fprimaiv cultural 
F^l 

cort*c*i 
neurones 


luM 


36% 












5.1 
59% 










- 


nai 


f primary CU^^TO) 

Rat 

neufOnes 
f nrimarv CURuro) 


\ uM FSK 


1J9 


- 


- 




















[IB] 


Pan 
oarebefer 
granule cafe 


luM 
FSK 


SO 
65% 


- 


120 


2400 
60-/. 


- 


- 


410 
46% 


>10 uM 
*10% 
at 10 nM 


- 




- 


■ 


(793 


_>pnmarvCUteUf9l_ 
Ral 
cerebellar 


fba&ef) 


GO 
40% 


- 


- 


- 


- 




100 
41 % 




1900 
33% 




- 


- 


IBZ) 




Nero 
(basal) 




- 


200 
40% 


" - 


- 




100 
40% 




- 




- 


- 


[79] 


m(?mbrAfi£9 

Rat 
cpebenar 


FSK or 
basal 














32% 


>10pM 


- 


- 


- 


— 


f761 


Rat 

striatal 


FSK or 
basd 


— 


- 


— 








400 
28% 












[76] 


T Rai 
striatal 
neurones 

(primary CuttUfBl 


luM 
FSK 


3.5 
-40% 
























[ifll 


Ral 


None 
(basal) 


] 150 












210 
35% 












1631 


Rfll 
striatal 


1 Ncna 
(basal) 


310 

25% 












2D0 
29% 












1631 


Pal 
substantia 

mv^uSranGS 


FSK 














40 












f30) 


Mouse 


1 uM 
FSK 


72 
35% 
























[901 



• in the procnc* 011 0 10 20<J uM pK^memyts Jip^yl fluoride. 

illK^S^ ■* CHO, Chfceaeh^fc, ova* CP559, CF55940 (Rg. 3): CP552. CP35244 (F* 3): HU. HU-210 (Fig. 6); 

CF50S. CP50556 {Fig. 3); Nab. nabitenc (Fig. 2): PEA, palmrtoylcirttrtOlBfTlltlB (Fin, 1): THC. * 9 -THC (FiQ. 3); WIN, W1N55212 (F"g. 4). 



Some cannabinoid receptor agonists have relatively 
low CBi and/or CB 2 efficacies. The pharmacological 
properties of such 'efficacy-driven' agonists is 
expected to show a particularly strong tissue- 
dependence. In a tissue preparation that contains a 
high concentration of cannabinoid receptors so that 
there is a significant 'receptor reserve*, the size of the 
maximal response to an efficacy-driven agonist may be 
the same as that to a high-efficacy (affinity-driven) 
agonist, giving the false impression that both 
compounds have the same (high) efficacy. On the 
other hand, in a tissue preparation containing far fewer 
cannabinoid receptors (no 'receptor reserve 1 ), the 
same efficacy-driven agonist may behave as a partial 



agonist or antagonist (e.g. see 0823 in next section). 
Hence if the relative efficacies of cannabinoid receptor 
agonists are determined by comparing maximal 
response size, it is important that this has been done 
using data obtained in the same tissue preparation and 
that the receptor population of this preparation (a) is 
small enough so that there is no significant receptor 
reserve, yet (b) is large enough to detect responses to 
low-efficacy compounds. Other reasons for using the 
same tissue preparation to determine the relative 
efficacies of cannabinoid receptor agonists are firstly, 
that there may be intertissue variations in the abilities of 
CBi or CB 2 receptors to amplify agonist-receptor 
interactions and secondly, that some tissues may 
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cbntain C&\ or CB 2 receptor subtypes with their own 
distinct recognition sites or effector mechanisms. 
Already there is evidence that the efficiency with which 
G proteins transduce the agonist-cannabinoid receptor 
interaction can vary, at least within the brain. Thus there 
are several reports that the efficiency of coupling of 
cannabinoid receptors to G proteins, as defined for 
example by the ratio of apparent Bmax of maximal 
cannabinoid receptor-stimulated [ 3S S]GTP7S binding 
to cannabinoid receptor B max , is not the same in all 
brain areas [19, 22, 55, 69]. Indeed, there seem to be 
some brain areas, for example hypothalamus, that 
contain cannabinoid receptors with high coupling 
efficiency but in low concentration and other brain 
areas, for example hippocampus, that contain 
cannabinoid receptors with low coupling efficiency but 
in high concentration [22]. Consequently, the 
responsiveness of different brain areas to high-efficacy 
(affinity-driven) and low-efficacy (efficacy-driven) 
agonists may not always be highest in brain areas that 
contain the most cannabinoid receptors. Cannabinoid 
receptor coupling efficiency may also be affected by 
prior exposure to cannabinoids [19]. 

In the [ 35 S]GTPyS assay, increases in GDP 
concentration seem to magnify differences between 
the efficacies of different agonists such that the optimal 
GDP concentration appears to be higher for the assay 
of high-efficacy than low-efficacy agonists [67]. Indeed, 
elevating the concentration of GDP may completely 
abolish the ability of a low efficacy agonist to increase 
[ 35 S]GTPyS binding above basal levels. Compare for 
example the activities of the high-efficacy agonist, (+)- 
WIN55212 and the lower efficacy agonist a 9 -THC 
observed in this assay by Griffin etai [64]. Whereas (+)- 
WIN5521 2 produced greater stimulation of [ 35 S]GTPyS 
binding (over basal) at 100 \M GDP than at 10 jiM GDP, 



Roger G. PsrtwBe 

A 9 -THC stimulated [ 35 S]GTPyS binding in the 
presence oM 0 u.M GDP but not 1 00 pM GDP. 



Cannabinoid Receptor Ligands 



Classical Cannabinoids 

The best Known member of this group is A B - 
tetrahydrocannablnol (A 9 -THC) (Fig. 2). This is the main 
psychotropic constituent of cannabis and like all 
classical cannabinoids, it is a dibenzopyran derivative. 
A 9 -THC undergoes significant binding to cannabinoid 
receptors at submicromolar concentrations, with similar 
affinities for CBi and C&z receptors (Table 2). At CB^ 
receptors, ^ 9 -THC behaves as an affinity-driver 
agonist, the sizes of its maximal effects in severe *' " 
"receptor-containing tissue preparations falling 
below those of higher efficacy cannabinoid receptor 
agonists such as CP55940 and (+)-WIN55212 (Tables ' 
3 and 4). As is to be expected for an affinity-driven 
agonist, the efficacy of A 9 -THC shows 'tissue- 
dependence', there being some CB-i bioassay systems 
in which it can elicit maximal responses that match 
those of higher efficacy agonists (Table 4). a 8 -THC ' 
(Fig. 7), which has affinities for CBi and CB 2 receptors 
that are similar to those of A 9 -THC (Table 2), also 
behaves as an affinity-driven agonist at CB<| receptors 
[75, 77]. As to the CB 2 efficacy of A 9 -THC, this is even 
less than at CBi receptors (Tables 4 and 5). Indeed, in 
some investigations A 9 -THC has failed to show any 
agonist activity at all at CB2 receptors and, in one set of 
experiments performed with CHO cells transfected with 
human CB2 receptors and using the' cyclic AMP assay, 
it behaved as a CB 2 receptor antagonist [34]. There are 
also some reports that A 9 -THC behaves as an 
antagonist at the CBi receptor both in the [ 35 S]GTPtS 



COOH 





Fig. (7). Structures of tour classical cannabinoids (DMH, dimethylheptyl). 
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assay performed with rat cerebellar membranes [19, 64] 
and when the measured response is (+)-WIN55212- 
induced inhibition of glutamatergic synaptic 
transmission in rat cultured hippocampal neurones 
[102]. 

Two other plant cannabinoids, cannabinoi and 
cannabidiol (Fig. 8), have less affinity for cannabinoid 
receptors than A 8 - or 4 9 -THC (Table 2). At CB^ 
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receptors, cannabinoi behaves as an affinity-driven 
agonist with even less efficacy than A 9 -THC (Tables 3 
and 4). There is also one report that it behaves as an 
agonist for CB2 receptors in the cyclic AMP assay [41]. 
However, in the GTPyS assay, cannabinoi has been 
found to exhibit the properties of an inverse agonist for 
CB2 receptors (Table 7). (The concept of. inverse 
agonism is discussed later). Cannabidiol tacks 
significant agonist activity, at least at C&<\ receptors, as 



Table 5. Inhibitory Effect of Certain Cannabinoids on Forskolin-stimulated Cyclic AMP Production 
by Cultured Cells Expressing Cannabinoid CB2 Receptors 



Preparation 


Forskolin 
(MM) 


Inhibitory EC50 values (nM) and maxima! degree of inhibition {%) 


CP559 


THC 


HU 


(+J-WIN 


H-WIN 


'AEA 


2-AG 


CBN 


Pef. 


Human C82* 
transfected 
CHO cells 


7 


















(30] 


Human CB2- 
Iransfected 
CHO cells 


5 


0.72 

■•OD /o 


uyo 


0.37 

"JW /o 


0.63 
-45% 


>1 

0% at 1 uM 
or 

less 


0% 


- 


- 


D2) 


Human CB2- 
transfected 
i CHO cells 


? 


239 


41.8 


0573 


0.407 




957 






[32] 


Human CBg- 
transfected 
CHO cells 


1 




>1 uM 
0% at 0.01 to 
1000 nM 


1 

-43% 






0% at 0-01 
to 1000 nM 






P4l 


Human CB2- 
transfected 
COS cells 


1 




>1 uM 
<10%at1 
to 1000 nM 














[34] 


Human CB^ 
transfected 
CHO cells 


5 


2 

-80% 






3 

-75% 












Human CBg- 
j transfected 
COS cells 


1 




>1 uM 
21%aM mM 


0.078 










261 


[41] 


Human C&2- 
transfected 
CHO cells 


3 


£51 
90% 
















[43] 


Human CB^- 
transfected 
293 cells 


05 


521 
60% 






12-3 
80% 










[83] 


Human CB^ 
transacted 
CHO cells 


3 


76% 
at 100 nM 


45% 
anOOnM 




80% 
aHOOnM 




36% at 
1 jiM 






[35] 


Mouse CB2* 
trans fectad 
CHO cells 


3 


75% 
at100nM 


63% 
aMQOnM 




62% 
aMOOnM 




64% at 
1 \iM 






[35] 


CB2- 
transfected 
COS cells 


1 














784- 
-60% 




i m 



fluoride 

cbn. cannabinoi (Fig. e); CHO, Chinese hamster ovary; CPSS9, CPS5940 (Fig. 3); HU, hu- 
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Inhibitory Effect of Cannabinoids on Voltage-activated Calcium Currents In Membranes off 
Cultured Cells Expressing Cannabinoid CB-j Receptors ( 







nywi llo l 








Preparation 


Agonist 


concentration 


ECcn 


Inhibition 


Ret 








(nM) 


\ fQ i 




AtT-20 cells transfected 




inn 




I £7o Dy I UU fllvi 




with human CB-j receptors 












AtT-20 cells tonsfected 


(+)-WIN55212 


1 to300f 


11 


38% (5max) 


[133 


with rat CB1 receptors 


Anandarnide 


300 




34% by 300 nM 




Rat superior 


(+)-WIN55212 


1 to300Ot 


47 


73% (Em ax) 


[99] 


cervical ganglion cultured 


CP55940 


11010000 


7 


38% (Em ax) 




neuwes transfected 


Anandarnide 


100 




u to 40% oy loo nM 




with rat C&1 receptors 












NG1QB-15 


-THC 


30 nMf 




40% 


[96] 


neuroblastoma-glioma cells 


CPS5940 


1 uMt 








NG108-15 


(+)-WIN55212 


1 tolOOOT 




43% (Em ax) 


' [95] 


neuroblastoma-glioma cells 


CP55940 


100 


— 


36% by 100 nM 




N18 neuroblastoma cells • 


(+)-WIN55212 


100 




54% by 100 nM 


197] 




Anandarnide 


. itolOOOt 


20 


33% {Emax) 




N18 neuroblastoma cells 


M-WIN55212 


-3 to 100 


-10 


-43% (Emax) 


[81] 




Anandarnide 


-10 to 300 


-10 


-30% (Emax) 




N18 neuroblastoma cells 


Mead ethanolamide 


30 to 1000 


124 


-60% (Emax) 


[98] 


Rat hippocampai cultured 


(+)^WIN55212 


1to300 


21 


33% (Emax) 


[100] 


neurones 


(+)-WIN55212 


lOCTt 




29.5%by10GnM 






CP5S940 


100 




25,5% by 100 nM 






Anandarnide 


300 




28.6% by 300 nM 




Rat hippocampa! 


(+)-WIN55212 


30to3000' 


14 


-23% (Emax) 


{1011 



'Antagonized Dy 200 or 300 nM SR141716A. 
tPertusalg- loxin sensitive. 

Mead elhartolamide, 52, 82, 112-elcasalrienoic add. 



do cannabichromene and cannabigerol, also both plant 
cannabinoids. A high concentration (10 u.M) of each of 
these tnree compounds failed to inhibit secretin- 
stimulated cyclic AMP production by N18TG2 cefl 
membranes [72]. There is also a report that 10 u\M 
cannabidiol does not enhance [ 35 S]6TPyS binding to 
rat cerebellar membranes [65]. Instead it was found to 
antagonize the stimulatory effect of CP55940 in this 
assay. Under the same conditions, 10 uM cannabinol 
did not antagonize CP55940 [65], 

The affinities of A 9 -THC ( cannabinol, 11-hydroxy-A B - 
THC and 11-hydroxy-cannabinol for cannabinoid 
receptors can be markedly enhanced by increasing the 
length of the alkyl side chain and by introducing methyl 
substituents into the lengthened side chain to produce 
dimethylheptyl analogues of these compounds (T able 
2 and Rgs. 6 to 8). These affinity increases are not 
accompanied by any marked changes in relative affinity 
for CB-i and CB2 receptors. The same changes in the 
alkyl side chain also enhance C81 and CB 2 receptor 
functional potency and efficacy. For example, in 
contrast to A*-THC [75, 77], 11-OH-A 9 -THC- 
dimethylheptyl (HU-210) has values at CB1 
receptors that approximate to those of the high-efficacy 
cannabinoid receptor agonist, CP55940 (Tables 3 and 
4). Unlike A 8 -THC, HU-210 contains an 11 -OH group. 
However, there is no evidence that insertion of this 
group produces any notable efficacy increase. Thus 



although 11~OH-A B -THC is about 2 times more potent 
than A e -THC as an inhibitor of secretin-stimulated cyclic 
AMP production in N18TG2 cell membranes, the 
maximal degree of inhibition produced by the two 
compounds is the same [72]. Similarly, in [ 35 S]GTPyS 
binding assays performed with rat cerebellar 
membranes, whilst 11-OH-A 9 -THC is more potent than 
A 9 -THC, the two compounds each elicit maximal 
stimulatory responses of about the same size [62]. The 
dimethylheptyl and 11-OH-dimethylheptyl analogues 
of cannabinol are also potent CB1 and CB2 receptor 
agonists. Their EC50 values for inhibition of forskolin- 
stimulated cyclic AMP production are 0.18 and 0.056 
nM respectively in CHO cells stably transfected with rat 
CBt receptors and 0.79 and 0.208 nM respectively in 
CHO cells stably transfected with human CB 2 receptors 
[41]. The corresponding EC 50 values for cannabinol are 
120 and 261 nM respectively [41]. Whether these 
dimethylheptyl and 11-OH-dimethylheptyl analogues 
have greater efficacy than cannabinol remains to be 
announced. It has been reported, however, that 11- 
OH-cannabinol has negligible agonist activity at CB 2 
receptors [41]. 

The degree of rigidity of the alkyl side chain also 
seems to have pharmacological importance, there 
being evidence that the introduction of a carbon- 
carbon triple bond into this part of the molecule 
reduces efficacy at CB-j and CB 2 receptors without 
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Cannabidiol 

Fig. (8). Structures of cannabinol and cannabidiol and of three analogues of cannabinol (CBN r eannabinol; DMH, 
dimethylheptyl). 



decreasing affinity for these receptor types [26, 36. 49. 
103]. Thus e'-azidohex^'-yne-A^THC (CM184; Fig. 9) 
has greater affinity than A a -THC for both CB^ and CB 2 
receptors (Table 2). Yet, it behaves as a weak inverse 
agonist at CB 2 receptors [49] and, at CB-| receptors, 
may have even lower efficacy than A 8 -THC, behaving 
as a partial agonist in one assay system (inhibition of 
forskolin-stimulated cyclic AMP production by CHO 
cells transfected with human CB 1 receptors [49]) and as 
an antagonist in another [26]. A second classical 
cannabinoid with a 3-bond ynyl-containing side chain 
t na t seems to have high cannabinoid receptor affinity 
but reduced efficacy is 6 f -cyanohex-2'-yne-A 8 -THC (O- 
823; Fig- 9). The K] value of this compound for 
displacement of [ 3 H]CP55940 from CB 1 binding sites is 
0.77 nM. However, whiist it behaves as a potent 
cannabinoid receptor agonist in one CB r containing 
bioassay system (the mouse isolated vas deferens 
preparation), in another it behaves as a potent 
antagonist (myenteric plexus-longitudinal muscle 
preparation of guinea-pig small intestine) [104]. Using 
tissue obtained from A 9 -THC-tolerant mice, it became 
possible to demonstrate O-823-induced antagonism of 
a cannabinoid receptor agonist in the vas deferens as 
well, suggesting that like 0-1184, 0-823 is a potent 
affinity-driven cannabinoid receptor agonist and that it 
behaves as an agonist in tissues in which cannabinoid 
receptors are present in relatively high concentrations 
and/or have relatively efficient coupling to their second 
messenger system (the vas deferens) and as an 
antagonist in tissues in which these receptors are 



present at lower concentrations and/or are less 
efficiently coupled (myenteric plexus-longitudinal 
muscle preparation and cannabinoid tolerant vas 
deferens). 




0-623 

Fig. (9). Structures of 0-1184 and 0-823. 

The results obtained with ynyl compounds such as 
0-1184 and 0-B23 provide clues as to how the 
structural-features of classical cannabinoids that govern 
affinity for CBi and CBg receptors differ from those that 
determine efficacy at these receptors. So too do data 
obtained from experiments with the dimethylhepty! 
analogue of AM~HC-ll-oic acid (CT-3; Fig. 7) using 
CHO or COS cells transfected with rat CB 1 or human 
CB 2 receptors [41]. These experiments showed CT-3 
to have about 8 times greater functional potency at the 
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' Table 7. Inhibitory Effect of Certain Cannablnold Receptor Ligands on GTPyS Binding fay Tissue or ' 
Cultured Cell Membranes Expressing Cannabinoid CBj or CB2 Receptors 



Preparation 


Experimental 
Conditions 


EC50 values (nM) and maximal degree of Inhibition relative to basal (%) 


SR141 


SR144 | AMS30 


- CBN 


Ret. 


nurncui Vk»i~ 

transfected 
CHO celt 
membranes 


0.1 nM [ WK/ 5jQTr , ^5; 
50 \iM GDP; 
100 mM NaCi; 
3 mM MgCl2; 30 ug protein; 
0.2 mM EGTA; 0.1% BSA; 
60 min at 30°C (0.2 mi assay) 


-25% 
by 100 nM 








[59] 


Human CBr 
transfected 
CHO cell 

membranes 


0.1 nM [^SJGTPiS; 
50pMGDP; 150 mM NaCI;- 
2.5 mM MgClg; 0.1% fcsue; 

1 mM FDTA' D 95% BSA' 

90 m'm at 30 P C (1 ml assay) 


0,82* 
223% 




- 


- 


E60] 


Human CBy 
iransfected 
CHO cell 

membranes 


0.1 nM [ 35 S]GTh«S; 
SOyMGDP; iSOmM NaCI; 
2.5 mM MgCl2: 0.1% tissue; 

1 IIIIVJ CLJ 1 v rij /o DO/A, 

90 min at 30°C (1 ml assay) 


_ 




900" 
20.9% 




[63J 


Human CB-j- 
transfected 
CHO cell 

membranes 


InM^SJQTPyS; 
320 uM GDP; 100 mM NaCI; 
32 mM MgC^i 5 ug protein; 
60 min at 37*C (0.25 ml assay) 


47% 


- 


- 




[66] 


Rat 
cerebellum 
membranes 


0.2 nM ^SJGTPvS; 
100 MM GDP; 1 mMMgCl^ 
i d fiy pruiBin, l mi vi i 
0.25 mg BSA; 90 min at 30°C 
(0.5 ml assay) 


>10uM 
slight Inhibition 
atlOpM 


- 


- 




[62] 


Mouse 
whole brain 
membranes 


O.lnMP^SJGTPyS; 
50 uM GDP - 150 mM NaCI' 
2,5 mM MgC! 2 ; 1 mM EDTA; 
90 min at 30°C {1 ml assay) 




- 


>0.1 mM" 

~o%t 




M 


Guinea-pig 
whole brain 
membranes 


0.1 nM [^SJGTPyS; 
50jiMGDP;150 mM NaCI: 
2.5 mM MgCl2; 1 mM EDTA; 
90 min at 3Q°C (i ml assay) 






>0.1 mM' 

-o%t 




[5BJ 


Human CB^- 
transfected 
CHO ceil 
membranes 


1 nM [^SJGTPyS; 
320mM GDP;100mM NaCI; 
32 mM MgCfg: 5 ug protein; 
60 min at 37 a C (0.25 mi assay) 


1000 
65% 






575.4 
53% 


[66] 


Human CB2* 
transfecied 
CHO cell 

membranes 


0.1 nM^SJGTPYS; 
20 uM GDP; 100 mM NaCI: 
10 mM M9O2; 20 ug protein; 
0.2 mM EDTA; 90 min at 30 9 C 
(0.5 ml assay) 




10,4 
49% 


76.6 
47% 




[47] 



In the presence or 1 00 uM phenylmerjiylsulphonyl fluoride. " 
t At 100 \xM AM630. 

BSA, bovine serum albumin; CBN, cannabinol (Rg. B): CHO. Chinese hamster ovary; SR141, SR141716A (ftg. 5); SR144. SR1 44528 (Rg. 5). 
See Fig- 13 for the structure of AM630. 



CBg than the CB-j receptors, when the measured 
response is inhibition of forskolin-stimulated cyclic AMP 
production (EC 50 = 116.2 and 927 nM respectively), 
but about 5 times greater binding potency at the CB^ 
than the CB 2 receptors (Table 2). 

Several CB 2 -seiective classical cannabinoids have 
now been developed (Fig. 10) [33, 38]. Huffman et ai 
[38] discovered that whilst removal of the phenolic OH 
group from HU-210 to form 1-deoxy-11-OH-A e ~THO 



dimethylheptyl (JWH-051) did not significantly affect 
affinity for CS-j receptors, it greatly enhanced CB 2 
receptor affinity (Table 2). As a result, JWH-051 was 
found to have 37.5 fold selectivity for CB 2 receptors. 
Even more dramatic is the CB2-selectivity shown in 
binding experiments by JWH-133 and JWH-139 and by 
the Merk-Frosst compounds, L759633 and L759656 
(Table 2). The CB 2 receptor affinity of JWH-139, 
L759633 and L759656 is somewhat less than that of 
JWH-051 or JWH-133, although still in the low nM 
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1-deoxy-rf-THC 



1 -deoxv- tf -THC-dimethvlheptvl 




JWH-051 

Fig. (10). Structures of some deoxy or methoxy analogues of hexahydrocannabinol (L 7S9656) and A -THC 



range. More important,- however, is the very much lower 
affinity JWH-133, JWH-139 and the two Merk-Frosst 
compounds have for CBi receptors than JWH-051. 
L759633 and L759656 seem to be CB 2 receptor 
agonists with both high efficacy and high potency. 
Thus Ross et al. [47] have reported firstly, that each of 
these compounds is approximately equtpotent with the 
high-efficacy cannabinoid receptor agonist, CP55940, 
in inhibiting forskoiin-stimulated cyclic AMP production 
by human CB 2 receptor transacted CHO cells and 
secondly, that the maximum degree of inhibition 
produced in this assay by alt three compounds is the 
same. They found L759656 (10 juM) to be inactive at 
CBi receptors and L759633 to behave as a weak CBi 
receptor agonist with an EC 50 of about 10 u.M. 
Although there is good evidence from in vivo 
experiments that JWH-051 is a potent CBi receptor 
agonist [38] there are no reports as to whether it is also 
a CB 2 receptor agonist. Whether it will prove possible to 
develop agonists from classical cannabinoids that 
exhibit the same high degree of selectivity for CBi 
receptors that the Merk-Frosst compounds show for 
CB2 receptors remains to be established. 



Finally, for A 6 -THC, A 9 -THC and other classical 
cannabinoids with chiral centres, it is the (-)- 
enantlomers that show the greater CB^ and CB 2 
receptor affinity and functional potency [1]- This 
stereoselectivity is well illustrated by comparing the CBt 
or CB 2 affinities of (-)- and ( + )-11-OH-dimethylheptyl- 
A 8 -THC (HU-210 and HU21 1 respectively) (Table 2) or 
their potencies in CBi and CB 2 receptor-containing 
bioassay systems [12, 74, 105]. 

Non-classical Cannabinoids 

This group of cannabinoids was developed by a 
Pfizer research team [106]. It consists of bicyclic and 
tricyclic analogues ol A 9 -THC that lack a pyran ring. A 
particularly important member of this group of 
compounds is the cannabinoid receptor agonist, 
CP55940 (Fig. 3) as it is the tritiated form of this 
compound that was used to demonstrate for the first 
time that brain tissue contains specific cannabinoid 
binding sites [107]. It was this landmark observation in 
particular that led to the realization that cannabinoids 
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act through receptors. CP55940 binds equally well to 
CBi and CB 2 receptors (Table 2). It shows high affinity 
for both receptor types, explaining the usefulness of 
radiolabeled CP55940 as a probe for CB^ and CB% 
receptors. CP55940 behaves as an efficacy-driven 
agonist for both receptor types, the sizes of the effects 
it produces at maximal concentrations in CB«j and CB2 
receptor assay systems often matching or exceeding 
the maximal responses to several other cannabinoid 
receptor agonists (Tables 3 to 5). Evidence that 
CP55940 does not need to occupy all cannabinoid 
receptors in the cerebellum to elicit a maximal response 
lends further support to its classification as a high- 
efficacy agonist [90]. Other non-classical cannabinoids 
often used as experimental tools are CP55244 and 
CP50556 (L-nantradol) (Fig. 3), and desacetyl-L- 
nantradol [1]. These also behave as high-affinity, high- 
efficacy agonists, at least for CB-| receptors (Tables 3 
and 4 and [1]). Indeed. CP50556 and CP55244 may 
have even higher CBj efficacy than CP55940 (Table 3 
and [67]). It seems likely that these other non-classical 
cannabinoids share the ability of CP55940 to interact 
with CB 2 receptors. However, this remains to be 
established. Like classical cannabinoids, non-classical 
cannabinoids with chiral centres exhibit significant 
stereoselectivity, the (-)-enantipmers having the 
greater activity (T able 2 and [1]). 

Eicosanoids 

The prototypic member of the eicosanoid group of 
cannabinoid receptor agonists is 
arachidonoylethanolamide (anandamide) (Fig. 1). This 
is the first of four endogenous cannabinoid receptor 
agonists to have been discovered in mammalian brain 
and other tissues, the others being 2-arachidonoyl 
glycerol, homo-y-linoienoylethanolamide and 
docosatetraenoylethanolamide [1, 2, 5, 108]. Of these, 
the most investigated and probably also the most 
important physiologically, are anandamide and 2- 
arachidonoyl glycerol. 

Anandamide and Related Fatty Acid Amides 

Anandamide binds significantly to both types of 
cannabinoid receptor with marginally higher affinity for 
the CBi receptor (Table 2). Indeed, when protected 
from hydrolysis (see below), its affinity for CB^ 
receptors matches that of A 9 -THC« Anandamide also 
resembles A 9 -THC in other ways. Firstly, the affinity of 
anandamide for CB-| receptors increases when its non- 
carboxylic hydrocarbon tail is lengthened and 
branched. Most notably, as for the alkyl side chain of 
A 9 -THC f extension of the non-carboxylic tail of 
anandamide by two carbon atoms together with the 
introduction of two methyl substituents, produces an 
increase in both CB t binding affinity and in vivo 
potency for CBi receptor-mediated effects [109, 110]. 
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Secondly, anandamide behaves as an affinity-driven 
CB-i receptor agonist. Thus its efficacy at CB 1 
receptors, although higher than that of A 9 -THC, is often 
found to be lower than that of (+)-WIN552l2 or 
CP55940 (Tables 3, 4 and 6). Thirdly, anandamide has 
much lower efficacy at CB 2 than CBj receptors, lacking 
detectable CB 2 activity altogether in some experiments - 
(Table 5). These similarities between A 9 -THC and 
anandamide are in line with results obtained in 
molecular modelling studies. Thus Thomas etal. [111] 
have reported that it is possible to superimpose 
anandamide on the A 9 -THC molecule such that the 
oxygen of the arachidonoyl carboxyamide lies over the 
pyran oxygen, the hydroxyl group of the arachidonoyl 
ethanol over the phenolic hydroxyl group, the five 
terminal arachidonoyl carbons over the hydrophobic 
pentyl side chain and the arachidonoyl polyolefln loop 
•over the tricyclic ring system. A fuller account of the 
structure-activity relationships in the anandamide series 
is to be found in two recent papers [45, 10a]. It should ' ' 
be noted that the maximal effects of anandamide are 
not always less than those of WIN55212 or CP55940 
(Tables 4 and 6). For example, in AtT-20 cells 
transfected with rat CBi receptors, the inhibition of an 
inwardly rectifying potassium current by 300 nM f 
anandamide has been found to match the maximal 
inhibitory effect of WIN55212 [13]. 

Because anandamide is susceptible to hydrolysis by 
fatty acid amide hydrolase, in vitro assays of this agent 
are often carried out in the presence of an enzyme 
inhibitor such as phenylmethylsulphonyl fluoride [1, 2]. 
The extent to which anandamide has to be protected 
from enzymic hydrolysis in this way can be affected by 
the assay conditions used [1]. In binding assays, for 
example, there is evidence that whilst there may be a 
need to protect anandamide from enzymic hydrolysis 
when a filtration method is used to separate tissue 
samples from unbound radioligand, this precaution is 
not needed when the separation is achieved by 
centrifugation (ail pH]HU*243 experiments in Table 2) 
[112]. In some cannabinoid receptor-containing tissue 
preparations, the potency of anandamide is not 
enhanced by phenylmethylsulphonyl fluoride. This 
may be because these preparations lack significant 
fatty acid amide hydrolase activity. However, it could 
also be because they are unable to take up 
anandamide from its presumed extracellular site of 
action, there being evidence that fatty acid amide 
hydrolase is located intracellular^ so that released 
anandamide is only metabolized after it has been taken 
up into tissues both by a carrier-mediated process and 
by passive diffusion [5, 108]. 

The finding that anandamide is the substrate of an 
endogenous amide hydrolase has stimulated the 
development of several analogues that are less 
susceptible to enzymic hydrolysis. One of these is (R)- 
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AC PA 



Fig. (11). Structures of some synthetic eic.osanoid cannabinoids. 



(+)-arachidonoy!-1 '-hydroxy^'propylamide (metha- 
nandamide; Fig. 11) [113]. Unlike anandamide, 
methanandamide possesses a chiral centre, its (R)- 
isomer possessing 9-fold- higher CB-| receptor affinity 
than its (S)-isomer [113]. Another analogue that shows 
resistance to enzymic hydrolysis is 2- 
methylarachidonoyl-(2M!uoroethy.l)amide (0-689; Fig.. 
11) [114] and it is noteworthy that both 0-689 and 
methanandamide have an enhanced selectivity and 
affinity for CBj receptors (Table 2). Two anandamide 
analogues with even greater selectivity (and affinity) for 
CBt receptors are arachidonoyl-2'-chloroethylamide 
(ACEA) and arachidonoylcyclopropylamide (ACPA) 
(Table 2 and Fig. 11). The E maJ < values of both 
analogues, determined in the cyclic AMP assay using 
CHO cells transfected with human CBi receptors and in 
the GTPyS assay using rat cerebellar membranes, 
match those of the high-efficacy agonist, CP55940 
[46]. However. ACPA (but not ACEA) was found to 
have a significantly lower E^a* than CP55940 for 
inhibition of electrically-evoked contractions of the 
mouse isolated vas deferens. Neither ACEA nor ACPA 
showed any sign of reduced susceptibility to enzymic 
hydrolysis [46]. 

Two other anandamide analogues of note are N-(4- 
hydroxyphenyl) arachidonylamide (AM404) and methyl 
arachidonyl fluorophosphonate (MAFP) (Fig. 12) [40, 
115, 116]. AM404 inhibits anandamide uptake by rat 
cultured cortical neurones (ECsq = 1 }iM) and astrocytes 



(EC50 = 5 H M ) without also producing detectable 
inhibition of FAAH or inhibiting the uptake of the 
anandamide metabolites, arachidonic acid and 
ethanolamine [116]. In line with its properties, AM404 
has been shown to potentiate some effects of 
anandamide, for example anandamide-induced 
inhibition of forskolin-stimulated cyclic AMP production 
by rat cultured cortical neurones, anandamide-induced 
anfinociceplion in the mouse hot plate test and 
•anandamide-induced hypotension in anaesthetized 
: guinea-pigs [116, 117]. AM404 also binds to CB? 
receptors at micromoiar concentrations (Table 2). 
However it does not behave as a direct cannabinoid 
jreceptor agonist [116] and its ability to potentiate 
anandamide suggests that it does not exert any 
significant degree of cannabinoid receptor antagonism 
either. MAFP is an irreversible ligand for the CB1 
receptor (EC 50 = 20 nM for displacement of 
[ 3 H]CP55940 from specific binding sites on rat brain 
membranes) and also an irreversible inhibitor of FAAH 
(EC 50 = 2.5 nM) [115]. As expected from its binding 
properties, MAFP (1 jiM) has also been shown to 
produce insurmountable antagonism of several 
cannabinoid receptor agonists in the myenteric plexus- 
longitudinal muscle preparation of guinea-pig small 
intestine, a functional CB t receptor assay system [1 1 BJ. 
Other fatty acid derivatives that have proved to be 
potent irreversible inhibitors of FAAH are a series of 
saturated fatty acid sulphonyl fluorides [119, 120]. The 
most notable of these is stearyl sulphonyl fluoride 
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"(AM381) as this shows the greatest separation 
between potency for FAAH inhibition (EC50 = 4 nM) 
and ability to bind to CBt receptors (EC 50 = 18.5 \xM for 
displacement of [ 3 H]CP55940 from specific binding 
sites on rat forebrain membranes). This is far greater 
than the 8-fold separation between FAAH inhibitory 
potency and CB-| binding potency shown by MAFP. 
When taken together, the results obtained with stearyl 
sulphonyl fluoride and AM404 suggest that the 
structural prerequisites for inhibiting FAAH are not the 
same as those for inhibiting anandamide uptake or for 
binding to cannabinoid receptors. There is also 
evidence that the structural features that determine the 
ability to inhibit the anandamide transporter differ from 
those that determine the ability to serve as a substrate 
for the anandamide transporter [6, 121]. 




CCCCT 

AM381 ^ 



AM 381 

Fig. (12). Structures of methyl arachidonyl 
fluorophcsphonate (MAFP), N-(4-hydroxyphenyl) . 
aracMdonylamide (AM404) and stearyl sulphonyl fluoride 
(AM381). 

One endogenous fatty acid amide that has been the 
source of some confusion in the cannabinoid literature 
is palmitoylethanolamide (Fig. 1). This has been found 
by Facci et aL [122] to share the abilities of nabilone 
and (+)-WIN55212 to prevent antigen-induced 
degranulation of rat basophilic leukemia-2H3 icells 
(EC50 as 0.27 fiM, 2.8 |xM and 13 pM respectively). Like 
nabilone and anandamide (EC 50 * 2.6 nM and 33 nM 
respectively), palmitoylethanolamide also displaced 
[ 3 H](+)-WIN-552l2 from specific binding sites on 
membranes from the same cell line (EC 5 o = 1 nM). 
These effects of palmitoylethanolamide could not have 
been mediated by CBi receptors as the RBL-2H3 cells 
were found not to express CBi receptors [122] and as 
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palmitoylethanolamide does not have significant affinity 
jor C81 receptors in rat brain membranes or in 
rnembranes from CB-i receptor transfected CQS ceils 
[112, 123] or show any activity (at 10 \iM) as an inhibitor 

. of forskolin-stimulated cyclic AMP production in 
IM18TG2 or rat CB, transfected CHO cells [80]. 
Although the RBL-2H3 cells were found to express 
CZB 2 receptors [122], it is also unlikely that 
palmitoylethanolamide acted through these receptors. 
jThus Showalter et aL [37] have found that at 
concentrations of up to 10 ^iM, palmitoylethanolamide- 
displaces only 20% of [ 3 H](+)-WIN-55212 from binding 
sites on membranes obtained from human CB2 
receptor transfected CHO cells and that this 
displacement is not concentration-dependent. 
PalmitoyJethanolamide was found to be even less 
effective in displacing [ 3 H]CP55940 from these CB 2 
binding sites [37]. This finding has been confirmed by 

" Sheskin era/. [112] in competitive binding assays using 
rnembranes from CB 2 receptor transfected COS cells 
and [ 3 H]HU-243 as the radiolabeled probe. One 
possibility is that palmitoylethanolamide is a ligand for a 
ipovel type of cannabinoid receptor. Indeed, the 
suggestion has already been made that 
palmitoylethanolamide binds to a yet unidentified CB2 
receptor subtype [112], This hypothesis has been 
used by Calignano et aL [124] as a possible explanation 
tjor their finding that the ability of 
fbalmitoyiethanolamide, injected into the hind paws of 
mice, to prevent behavioural signs of hyperalgesia 
induced by intraplantar injection of dilute formalin can 
be attenuated by the CB 2 receptor antagonist, 
SR 144528, but not by the CB-i receptor antagonist, 

. SR141716A. Evidence for the existence of a novel 
CBg receptor subtype has also been obtained in 
experiments with the mouse vas deferens [125]. 

2-Arachidonoyl Glycerol 

| Relatively little is yet known about the 
pharmacological properties of 2-arachidonoyl glycerol 
flFig. 1). What data there are f suggest that this 
Endogenous compound resembles anandamide in 
finding almost as well to CB 2 as to CB 1 receptors and 
that its affinities for both receptor types are similar to 
those of anandamide (Table 2). 2-Arachidonoyl glycerol 
has also been shown to behave as an agonist at both 
cannabinoid receptor types, inhibiting forskolin- 
stimulated cyclic AMP production in rat cultured cortical 
r|euranes with a potency slightly greater than that of 
anandamide [92] and inducing inhibition of forskolin- 
stimulated cyclic AMP production in COS ceMs 
tpansfected with CB1 or CB2 receptors [44J, inhibition of 
depolarization-induced increases in free calcium within 
differentiated neuroblastoma x glioma hybrid NG108- 
15 cells [126] and inhibition of long-term potentiation in 
rjat hippocampal slices [92]. The maximal degree of 
inhibition produced by 2-arachidonoyl glycerol in the 
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COS cell experiments has been reported to be less at 
CB 2 receptors (ca. 60%) than at CBi receptors (ca. 
80%) [44], suggesting that like anandarnide it may have 
less CB 2 than CB^ efficacy. However, this remains to be 
confirmed. 

Few structure-activity studies have been performed 
with arachidonoyi glycerol analogues, the available data 
suggesting that 1 (3)-arachidonoyl glycerol (Fig. 1) has 
similar CBt and CB 2 binding properties to 2- 
arachidonoyi glycerol [108] and about 3 times greater 
potency than 2-arachidonoyl glycerol as an inhibitor of 
forskolin-stimulated cyclic AMP production in rat 
cultured cortical neurones [92], that 2-palmitoyl glycerol 
and 2-linoleoyl glycerol lack significant affinity for CB, or 
CB 2 receptors [31. 44, 108] and that 1 (3)-palmitoyl 
glycerol and 1(3)-stearoyl glycerol (10 \M) do not share 
the ability of 1(3)- and 2-arachidonoyl glycerol to inhibit 
forskolin-stimulated cyclic AMP production in rat 
cultured cortical neurones [92]. 

The degree of inhibition of forskolin-stimulated 
cyclic AMP production induced by 10 ^M 1(3)- or, 2- 
arachidonoyl glycerol in rat cultured cortical neurones is 
almost as great as that induced by 3 \M (+)-WIN552l2 
[92]. Additional experiments are now required to 
establish whether this is an indication that 1(3)- and 2- 
arachidonoyl glycerol resemble (*)-W1N552l2 in being 
high-efficacy CB, receptor agonists. It is noteworthy, 
however, that in vivo experiments with mice have 
already shown that the E max of 2-arachidonoyl glycerol 
is similar to that of A 9 -THC or anandarnide for the 
production of hypokinesia and antinociception but less 
than the E ma * values of these other cannabinoids lor 
the production of hypothermia and catalepsy [31]. All 
four of these effects are thought to be CB r receptor 
mediated- 



Aminoalkylindoles 

This group of cannabinoid receptor ligands was 
developed by a Sterling Winthrop research team [76, 
127] and contains compounds that are structurally 
quite different from classical, non-classical or 
eicosanoid cannabinoids. The prototype of this group 
is the cannabinoid receptor agonist, (+)-WlN55212 
(Fig. 4). This binds with high affinity to bothj 
cannabinoid receptor types, exhibiting marginal] 
selectivity for CB 2 receptors (Table 2) and behaves as a; 
high-efficacy agonist at both CBi and CB 2 receptors: 
([1] and Tables 3 and 4 to 6). In contrast, (-)-WIN552l2j 
does not interact significantly with either cannabinoid 
receptor type ([1 ] and Tables 3 to 5). 

There is evidence that aminoalkylindoles bind 
differently to the CBi receptor than classical, non- 
dassical or eicosanoid cannabinoids, albeit at a site that 
overlaps sufficiently with the binding site(s) of these 
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other types of cannabinoid to allow mutual 
displacement between arninoalkytindole and non- 
aminoalkylindole cannabinoids to occur [1]. More 
specifically, Song and Bonner [16] obtained evidence 
thadysine 192 is a critical point of interaction on the C&i 
receptor tor HU-210, CP55940 and anandarnide (see 
below) but not for (+)-WIN552l2. They found that HU- 
210!||CP55940 and anandarnide had little inhibitory 
effect on. cyclic AMP production by human embryonal 
kidnSy 293 cells transfected with CBi receptors in 
which lysine at position 192 had been replaced with 
alaAe. The same mutation also abolished the ability 
thesfe cannabinoids to compete with pH](+)-WlN55212 
for : specific binding sites but had little effect on the 
binding affinity of <+)-WN55212 or on its ability to inhibit 
adenylate cyclase. More- recently, Chin etai [24] found 
thatHwhen mutant CBt receptors in which lysine 192 is 
replaced with arginine were transfected into CHO cells. 
tHejM retained the ability to bind and to respond 
functionally to both CP55940 and (+)-WlN552l2. On 
thejlbther hand, when lysine 192 was replaced with 
glyc ne or glutamate, binding affinity was retained for 
(+jfVIN55212 but lost for CP55940. Tao and Abood 
[93p found that human embryonal kidney 293 cells 
expressing mutant CBi receptors in which aspartate 163 
had! been replaced with asparagine or glutamate had 
\es£ affinity for (+)-WIN552l2 than cells expressing 
wilcP-type CBi receptors whereas these three cell lines 
didilnot differ significantly in their affinities for a 9 -THC, 
CR55940, anandarnide or SR141716A (see below). In 
theH same investigation, binding of (+)-WIN552i2, 
CR55940. A 9 -THC and HU-210 to human embryonal 
kidney 293 cells expressing CB 2 receptors was found 
notlto be affected by the replacement of aspartate 80 
with asparagine or glutamate. Other evidence that (+)- 
W»l|fjl552l2 binds differently to CB 1 receptors than 
othpr types of ligand for this receptor is detailed 
elsewhere [1]. 

! ln CBi binding and functional assays, (+)-W!N55212 
iscJften found to be less potent than CP55940 (Tables 
2lto 4 and 6). However, as indicated by the data shown 
in 1 Tables 3. 4 and 6, E max values of (+)~WIN55212 
determined in CB, receptor assay systems frequently 
exceed those of CP55940, raising the possibility that 
(+)|!WIN55212 may have greater CB-i receptor efficacy 
thah CP55940. This possibility receives further support 
frbSn the observations firstly, that the maximal inhibitory 
effect of (+J-WIN55212 (86%) on intracellular calcium- 
mldiated 'spiking 1 activity of rat cultured hippocampal 
ne'urones caused by lowering the extracellular 
concentration of Mg ++ is greater than that of CP55940 
(44%) and secondly, that this inhibitory effect of (+)- 
WJN55212 can be attenuated by CP55940 when this is 
applied at a concentration of 100 nM [128]. In some 
CB 1 receptor assay systems, E max values of CP55940 
exceed those of (+)-WlN552l2 (Tables 3 and 4). 
Vacations in the rank order of the apparent efficacies of 
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(+)-WIN55212 and CP55940 could stem from 
differences in the manner in which these two agonists 
seem to interact with CBi receptors (see above), from 
inter-tissue differences in cannabinoid receptor density 
or from the presence of a cannabinoid receptor type 
that has yet to be delected [29, 100]. Results from the 
rather small number of experiments that have so far 
been carried out with CB 2 receptor assay systems 
usually show (+)-WIN55212 to have the same or greater 
potency than CP55940 but slightly lower efficacy 
(Tables 2, 3 and 5). 

Several analogues of WIN55212 have been 
developed with significantly greater affinity for CB 2 than 
CBi receptors [37, 39, 47]. These include L768242, 
JWH-015 and 6-iodopravadoline (AM630), (Fig. 13 and 
Table 2). For L768242 and some related compounds 
[39] only binding data are available and so it is not 
known whether these compounds have CBi or CB 2 
receptor efficacy. For JWH-015, there is some 
evidence from in vivo experiments that it is a CB-j 
receptor agonist [129, 130]. Whether it is also a CB 2 
receptor agonist remains to be established. More is 
known about the interactions of AM630 with CB^ and 
CB2 receptors. On the CBt side, this compound has 
been shown to inhibit forskolin-stimulated cyclic AMP 
production by human CB r lransfected CHO cells with 
an EC50 well above 1 ^iM [47] and to cause a 
surmountable antagonism of (+)-WIN55212-induced 



j stimulation of [ 35 S]GTPyS binding to mouse and 
guinea-pig brain membranes with Kb values of 3.1 and 
' 9.3 p.M respectively [56, 58], These mixed agonist- 
; antagonist properties of AM630 together with its low 
.potency suggest this agent to be a low-affinity, low- 
• efficacy agonist at CB1 receptors. This conclusion is 
supported by findings that AM630 behaves as a weak 
'CBi receptor agonist in the myenteric plexus- 
!, longitudinal muscle preparation of guinea-pig small 
; intestine (£C 50 = 1.9 jiM) [131] and that at a 
.concentration of 100 it produces only a 7.5% 
:■ increase in ( 35 S]GTPyS binding to guinea-pig brain 
j membranes and has no appreciable stimulatory effect 
|on [ 35 S]GTPyS binding to mouse brain membranes 
i;[56. 58], There is one, set of data that does not support 
,: the conclusion that AM630 is a CBi receptor partial 
| agonist This was obtained by Landsman etaL [63] who 
j found AM630 to behave as an inverse agonist at CB^ 
j.receptors. They demonstrated that AM630 can inhibit 
|.[? s S]GTPyS binding to membranes from human CB r 
j transfected CHO cells by up to 20.9% (EC 50 » 0.9 
£lt would seem, therefore, that depending on the CBt 
! receptor preparation or assay used, AM630 can 
.jibehave as an agonist, an antagonist or an inverse 
'-agonist. 

!i 

!■ |" At CB 2 receptors, AM630 seems to lack agonist 
^activity, behaving instead as an antagonist or inverse 



agonist. In particular, experiments with human CB 2 - 




JWH-015 



I L768242 



Fig. (13). Structures of some aminoafkylindole cannabinoids. 
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Vansfe'cted CHO ceil preparations have shown it to . 
reverse CP55940-induced inhibition of forskolin- 
stimulated cyclic AMP production (EC 5 o - 129 nM), to 
enhance forskolin-stimulated cyclic AMP production 
(EC 50 - 230 nM) and to inhibit [ 35 S]GTPyS binding 
(Table 7). These data may explain the ability of AM630 
to antagonize inhibition of electrically-evoked 
contractions of the mouse isolated vas deferens 
induced by (+J-W1N55212, CP55940 and A 9 -THC [132] 
as this tissue is now known to contain CB 2 -Mke 
cannabinoid receptors [1251. indeed the K B values of 
AM630 against these compounds, 36.5, 17.3 and 14 
nM. respectively, are of the same order as the Kj value 
of AM630 for displacement of [ 3 H]CP55940 from CB 2 
binding sites (31.2 nM; Table 2). Two other WIN55212 
analogues have been reported to produce 
surmountable attenuation of cannabinoid-induced 
inhibition of electrically-evoked contractions of the 
mouse isolated vas deferens. These are WIN56098 
and 6-bromopravadoline (W1N54461) (Fig. 13). 
WIN56098 is less potent than AM630 with a K B of 1 .85 
HM for antagonism of A^-THC [76]. WIN54461 shows 
greater potency than WIN56098 as an antagonist in this 
assay system, with K B values against (+)-WIN552l2 and 
A 9 -THC of 50 and 316 nM respectively [133, 134]. Its 
IC 50 for displacement of [3H]WIN55212 from rat 
cerebellar membranes has been reported to be 515 riM 
[134], WIN54461 has been found by Griffin arid 
Pertwee (unpublished) to behave as a partial agonist in 
the mouse vas deferens and does not show antagonist 
properties in vivo [134]. The in vivo pharmacology of* 
WIN56098 and AM630 remains to be explored. 



Diarylpyrazoles 
SR141716A 

SRI 41 71 6A (Fig. 5) is a member of a series of more 
than one hundred and ninety four 1,5- 
diphenylpyrazoles developed by Sanofi Recherche- 
during a search for a CBi-selective antagonist [30. 50]. 
h binds with significantly higher affinity to CB^ than CB 2 
receptors (Table 2), lacks detectable cannabimimetic 
activity at CB<| or CB 2 receptors and shows no 
significant affinity for a wide range of non-cannabinoid 
receptors [30, 35, 91]. There are also reports that 
[ 3 H]SR141716A is not displaced from its binding sites 
by ligands for a wide selection of non-cannabinoid 
receptors [15. 20]. SR141716A has been shown to 
prevent the production of many in vivo and in vitro 
effects that are thought to be mediated by CBk 
receptors, usually with a potency that is consistent with 
Its high affinity for CBi binding sites. Examples include 
the ability of SR141716A to attenuate or reverse 
cannabinoid-induced inhibition of forskolin-stlmulated 
cyclic AMP production in CB 1 transfected cells; 
cannabinoid-induced inhibition of electrically-evoked 
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contractions of the mouse isolated vas deferens and 
cannabphoid-induced production of hypokinesia, 
antinoci'ception, hypothermia and catalepsy in mice [I. 
2]: In interpreting data obtained from experiments with 
SR141716A, it is important to bear in mind that 
although this compound is -selective it is not CB r 
specific. Thus whilst it is safe to assume that in tissues 
containing both CBt and CB 2 receptors, 
concentrations of SB141716 in the low or mid 
nanomolar range will interact mainly with CBt receptors, 
this is not so for higher concentrations of SR141716A. 

Thomas et bL [25] have investigated the structure- 
activity; relationships of SR141716A by performing 
displacement binding studies with analogues of 
SR141716A in which a hydrogen atom at carbon 3 or 6 
of the dichlorophenyl group has been replaced with I or 
Cl aijd/iorthe 4'-Ci on the other phenyl group has been 
replaced with I, Br or H. Their results suggest that 
SR1 4171 6A can be superimposed on the A 9 -THC 
moiecilile such that the 4' position of SR141716A lies 
overltfte pentyl side chain of A 9 -THC. the lone pair 
electrons of the carbonyl oxygen of SR141716A over 
the pyran oxygen of A 9 -THC and the lone pair electrons, 
associated with the pyrazole pyridine nitrogen of 
SR14V716A over the phenolic hydroxyl of A 9 -THC. 
Theyj.also conclude that the dichlorinated ring system 
of SiRl41716A may be its Antagonist conferring' 
region!. 

Tfjiere is an ever growing number of reports that 
wheifi ;administered by itself, often (but not always) at 
doses likely to be in the CBt -selective range, 
SR1.41716A can produce in vivo or in vitro effects that 
are Jopposite in direction from those produced by 
canliabinoid receptor agonists. Inverse 
cannabimimetic effects' of SRU1716A that have been 
observed in vivo include (a) depression of 
spontaneous firing of neurones in the ventral 
tegmental area (dopaminergic) or substantia nigra pars 
reticulata of anaesthetized rats [135 p 136], (b) 
enhancement of spontaneous cortical and 
hippbcampal acetylcholine release in unanaesthetized 
rats [1:37, 138]. (c) enhancement of short-term working 
memory in adult or aged rats and mice [139] and of 
intestinal motility in mice [140, 141], (d) production of 
signjs'Of anxiety in rats [142], of arousal in the rat sleep- 
wakjnp cycle [143], of hyperalgesia in rats and mice 
[1 24] .'1 44-1 46], of positive reinforcement in rats in a 
conditioned place preference test [147] and of 
hyperkinesia in mice [148] and (e) suppression of 
appetite for sucrose or standard diet in marmosets or 
rats' [149-153] and of the establishment of food% 
cocaine- or morphine-induced conditioned place 
preference in rats [151]- SR141716A has also been 
reported to elevate blood pressure in a rat model of 
haeimorrhagic shock [154] and to suppress alcohol 
consumption, both by Sardinian alcohol-preferring rats 
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[153] and by C57BL/6 mice which also have a genetic 
predisposition for alcohol [152]. 

In vitro inverse cannabimimetic effects of 
SR141716A, all observed In experiments with CBi- 
expressing CHO cells or CHO cell membranes'i are 
attenuation of [ 35 S]GTPtS binding (Table 7) [59, 60. 
66], inhibition of basal MAP kinase activity [59] and 
enhancement of forskolin-stimulated cyclic AMP 
production [42, 59]. Such effects of SR141716A have 
not been detected in experiments with untransfected 
CHO cell preparations [59, 66], In some experiments 
[62. 67], though not in others [64], SR141716A has 
also been reported to produce a slight attenuation of 
fSsjGTPyS binding to rat cerebellar membranes, albeit 
at 10 nM and not at lower concentrations. Other inverse 
cannabimimetic effects of SR141716A observed in 
CB 1 receptor-containing preparations, are 
enhancement of (a) evoked acetylcholine release in rat 
hippocampal slices [155, 156], (b) evoked 
noradrenaline release in guinea-pig hippocampal slices 
and retinal discs [157 t 158], (c) evoked acetylcholine 
release in the myenteric plexus-longitudinal muscle 
preparation of guinea-pig small intestine [159] and (d) 
evoked contractions of guinea-pig intestinal*, and 
mouse urinary bladder preparations [131, 160,1611]. At 
the rather high concentration of 1 ixM,, SR141716£ has 
also been reported to decrease endothelium- 
dependent carbachol- and A23187-induced reversal of 
vasomotor tone produced by methoxamine in rat 
endothelium-intact small mesenteric arteries (162], 
vasorelaxation induced in this preparation by 
levcromakalim [1 63], endothelium-dependent 
vasorelaxation induced by carbachol or A23187 in rat 
isolated perfused superior mesenteric arterial bed 
[164, 165] and endothelium-dependent reductions in 
coronary perfusion pressure induced by bradykinin in 
rat isolated perfused heart [1 66]. 

The discovery that SR141716A can produce 
inverse cannabimimetic effects in some biological 
systems suggests that the endogenous cannabinoid 
system is tonically active in these systems. This could 
be because these biological systems are releasing an 
endogenous CBi receptor agonist that produces 
cannabimimetic tone susceptible to attenuation by 
SR141716A. Another possibility is that cannabinoid 
CBj receptors can exist in two interchangeable states, 
the one precoupled to and the other uncoupled; from 
the effector system, it could then be that SR141716A 
shows activity by itself because it is an inverse agonist 
rather than a pure antagonist, binding preferentially to 
the receptors in the uncoupfed state and so shifting 
the equilibrium away from the receptors in the 
precoupled state. These hypotheses are not mutually 
exclusive. Indeed, it is possible that tonic activity of the 
endogenous cannabinoid system stems mainly; from 
endogenous cannabinoid release in some biological 
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! systems or experimental protocols, from receptor 
precoupling in others and from a combination of both 
irnechanisms in- yet a third group of biological systems or 
protocols. 

Bouaboula et al. [59] concluded that in their 
.experiments with CB^ transfected CHO cells, 
|iSRl417i6A did not induce inverse cannabimimetic 
^effects by blocking the actions of endogenous 
"cannabinoids. This conclusion was based In part on 
their observation that whilst GTP7S decreased the 
affinity of CP55940 for CB1 receptors it increased 
:SR141716A affinity for these receptors, the 
jexpectation being that guanidylic nucleci-c . 
'[analogues such as GTPySwill decrease agonist 
•binding and increase inverse agonist binding. They 
jalso found that the fluid bathing the transfected CHO 
jcelis did not contain material with detectable 
"jcannabimimetic activity. In addition, they showed 
!SR141716A to be markedly less potent in reversing 
ithe inhibitory effect of CP55940 on forskolin stimulated 
jcyclic AMP production than in inducing inverse 
jcannabimimetic effects (including enhancement of 
ifprskolln stimulated cyclic AMP production) when 
;|administered alone. They argued that this large 
jpotency difference would not have existed if 
•SR141716A had produced its inverse cannabimimetic 
leffects by blocking the actions of endogenous 
iicannabinoids- There was also good agreement 
ijbetween the concentrations at which SR141716A 
lilhduces inverse cannabimimetic effects and those at 
jwhich it binds to CB-| receptors. 

'!/ MacLennan et al. [66] also concluded that 
|SR141716A acted as an inverse agonist in their 
jexperiments with CB-j transfected CHO cells. They 
ifpund that the inverse cannabimimetic effect of 
!SR141716A on [ 35 S]GTPyS binding to membranes of 
jtihese cells was not mimicked by 
;jphenylmethylsulphonyl fluoride (section above), 
,applied at a concentration expected inhibit the enzymic 
hydrolysis of anandamide (100 jiM). Nor was 
j[35s]GTPyS binding inhibited (or stimulated) by 
ipannabinol at a concentration (10 pM) 100 fold higher 
Ithan its Kj value for displacement of [ 3 H]CP55940 from 
,jCB 1 binding sites. It is worth noting that even though 
'cannabinol had no effect at all on ^SJGTPyS binding 
jin these experiments, other studies have shown it to 
loehave as a partial agonist at CB-j receptors rather than 
: jas a pure antagonist in both the p 5 S]GTPrS assay and 
jthe cyclic AMP assay (see above and Tables 3 and 4). 

Data obtained by Pertwee et a/. [167] in 
experiments with the myenteric plexus-longitudinal 
muscle preparation of guinea-pig small intestine also 
support the hypothesis that SR141716A is an inverse 
agonist. They found that although 
phenylmethyisulphonyl fluoride potentiates 
anandamide-induced inhibition of electrically-evoked 
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contractions of this preparation, it does not share the 
ability of SRI 41 71 6A to enhance such contractions 
when administered by itself. Not all CB r containirig 
systems show signs of tonic activity when exposed to 
SR141716A (e.g. [64, 101, 158, 168-170]). Whether 
this reflects an absence from these biological systems 
of sufficient precoupled receptors and/or of sufficient 
ongoing endogenous cannabinoid production remains 
to be established. 

SR144528 

i, 

SR1 44528 (Fig. 5) was recently developed by 
Sanofi Recherche as a selective CB 2 receptor 
antagonist [43]. It binds with markedly higher affinity jto 
CB2than CB-, receptors (Table 2), shows no significant 
affinity for a wide range of non-cannabinoid receptors 
[43] and prevents the production of CB 2 receptor- 
mediated in vitro effects with a potency not far below 
that at which it displaces [ 3 H]CP55940 from CB 2 
binding sites. Thus, in human CB 2 transfected CHO 
cells. SR1 44528 readily reverses both CP5594;0- 
induced inhibition of forskolin-stimulated cyclic AMP 
production (EC 50 = 10 nM) and CP55940-induced 
stimulation of MAP kinase (EC 50 = 39 nM) [43]. [in 
addition, orally administered SR1 44528 has been 
shown to produce a dose-related inhibition of in vitro 
specific binding of [ 3 H]CP55940 to membranes of 
mouse spleen, a tissue that contains a much high'br 
population of CB 2 than CBi receptors [43]. None of ttjie 
doses of SR1 44528 administered in (his investigation 
affected [ 3 H]CP55940 binding to CB^ receptors on 
mouse brain membranes. Although SR144528 is CB<\- 
selective it is not CB^ -specific (Table 2) and there jis 
evidence that at micromolar and high nanomolar 
concentrations it can block CB-, receptor-mediated 
effects [43]. When administered by itself, SR1 44528 
resembles SR141716A in being able to produce 
effects that are opposite in direction from those 
produced by cannabinoid receptor agonists. Thus 
there are reports that in CHO cells or CHO cell 
membranes containing human CB 2 receptors, 
SR144528 potently inhibits [^SJGTPyS binding (Table 
7) and enhances forskolin-stimulated cyclic AM|P 
production [43, 47]. SR141716A can also act through, 
CB 2 receptors to inhibit [ 35 S]GTPyS binding [66] when 
administered at the rather high concentrations at which 
it is expected to undergo significant binding to this 
receptor type. One inverse cannabimimetic effect that 
SR144528 has been shown to produce in vivo :is 
Hyperalgesia [124]. 5 



LY320135 



This ligand (Fig. 14), developed by Eli Lilly as J a 
selective CBi receptor antagonist, has been reported 
to oppose the production of several CB-j receptqr- 
mediated in vitro effects: (+)-WIN55212-induced 
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inhibition of N-type calcium current and activation of 
inwardly rectifying potassium current and anandantfde 
anld|: (+)-WIN55212-induced inhibition of forskolin- 
stimulated cyclic AMP production [42]. It is also active in 
vivoi a dose of 20 mg/kg i.p. producing antagonism of 
the!;! sedation produced by anandamide in mice 
subjected to an open-field test [50].- LY320135 has 
less, affinity for CBi receptors than SR141716A but, 
|ike;SRl41716A t binds with significantly higher affinity 
to CjB! than CB 2 receptors. (Table 2). At concentrations 
beljow 10 p.M, LY320135 also displaces ligands from 
muscarinic receptors (K; = 2.1 UM) and 5HT 2 receptors 
(Kj||= 6.4 iiM) although not from a-adrenoceptors, 
dopamine Di or D 2 receptors, benzodiazepine 
reqeptors, histamine H< receptors or y-aminobutyric 
aridi receptors (Kj > 10 yM) [42], When administered by 
itsjelh LY320135 has been found to have little effect on 
cadjcjum or potassium currents. However, it has been 
reported to enhance forskofin-induced stimulation of 
cybiic AMP production by CHO cells expressing C&i 
receptors [42]. The basis of this inverse 



canrhabimimetic effect remains to be established. 




LY320135 



Rg[.. a (14). Structure of LY320135. 



General Discussion and Summary 

i | 

It is clear from the material presented in this review 
thatil potent antagonists/inverse agonists with marked 
sefsjetivity for CBi or CB2 receptors are now available. 
Tre,]se constitute powerful experimental tools for 
exploring the physiology and pharmacology of the 



ercijbgenous cannabinoid system. Other important 
recjejnt advances are the development of agonists with 
improved selectivity for CB-j or CB2 receptors and the 
enjijengence of clues as to how the structural features of 
CBMand CB 2 receptor ligands that govern affinity differ 
froW ithose that determine efficacy at these receptors. 
Farjhless is known about the structure-activity 
relationships of efficacy than of affinity. However, the 
[j recj^rirt development of the [ 35 S]GTPyS assay and 
• avjaNability of an irreversible antagonist (methyl 
arachidonyl fluorophosphonate) should facilitate 
i effjicacy studies in the future. CBi and CB2 receptor 
| agjonists can vary widely in their efficacies. It is 



particularly noteworthy that A 9 -THC behaves as a partial 
agonist at CBj receptors and that it seems to have even 
less- efficacy at CB 2 receptors as this implies that data 
obtained from experiments with A 9 -THC (or cannabis) 

i 
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will underestimate the consequences of maximal CBi 
and CB 2 receptor stimulation in the whole orgarusm. It 
will be Important to establish whether the partial 
agonism that A 9 -THC shows at CB 1 receptors cjonfers 
any clinical benefits by avoiding or reducing the 
intensity of certain adverse effects so as to improve the 
benefit to risk ratio. Although anandamide has greater 
efficacy than A 9 -THC at CB-i receptors, it too behaves 
as a very low efficacy agonist at the C8 2 receptor, 
raising the possibility that some other endogenous 
compound serves as the natural agonist for this 
receptor type. f 

i . 

From the available evidence it seems likely thjat CBt 
and CB2 receptors can exist in a precoupled state, at 
least in the high-expression systems of transacted 
cell, and that agents such as SR141716A, SR^44528 
LY320135 and AM630 behave as inverse agonists 
rather than as pure antagonists in such systems. 
Whether they also act in this way in tissues enpowed 
with their own CB 1 or CB2 receptor expression systems 
will depend on the extent to which cannabinoid 
receptor precoupling occurs in these 'more 
physiological' systems, the possibility remaining that 
the production of inverse cannabimimetic effects in 
such tissues may also stem from an ability to block the 
actions of released endogenous cannabiijioids. 
Whatever the underlying mechanisms, the obse|rvation 
that inverse cannabimimetic effects can be produced 
by cannabinoid receptor ligands in some tissues that 
naturally express CB1 or CB2 receptors constitutes 
evidence that the endogenous cannabinoid system is 
- tonically activity in these tissues. Further experiments 
are now required to elucidate the basis of this tonic 
activity, which has been detected both in vitro and in 
vivo, and to identify any disease states in which this 
activity changes. It will also be important to establish 
whether it is possible to develop pure antagonisis that 
lack the ability to produce inverse cannabimimetic 
effects in tissues in which there is no ongoing release 
of endogenous cannabinoids. 

As to possible clinical uses for cannabinoid receptor 
agonists, these are detailed elsewhere [7, 171 They 
include the management of glaucoma, bronchial 
asthma and pain and the suppression of rjnuscle 
spasticity/spasm associated with conditions such as 
multiple sclerosis and spinal cord injury. CBt receptor 
antagonists/inverse agonists also have therapeutic 
potential as appetite suppressants [50, 149. 150, 152] 
as well as in the management acute schizophrenia 
and/or for ameliorating cognitive/memory dysfunctions 
associated with disorders such as Alzheimer's cjisease 
[50]. An answer to the question of whether drugs that 
selectively activate or block CB 2 receptorsj have 
therapeutic potential, for example' as 
immunomodulators, must await a more complete 



| Roger G. Pertwee 

'characterization of this component of th6 endogenous 
.cannabinoid system. 
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